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Coordinate activation of transcription by multiple enhancer binding factors is essential for 
the regulation of pattern formation during development of Drosophila melanogaster. 
Cell-free transcription reactions are described that recapitulate transcriptional synergism 
directed by the Drosophila developmental regulators Bicoid (BCD) and Hunchback (HB). 
Within the basal transcription factor complex TFIID, two specific targets, TAF,,llO and 
TAF,,GO, served as coactivators to mediate transcriptional activation by these two en- 
hancer binding proteins. A quadruple complex containing TATA binding protein (TBP), 
TAF,,250, TAF,,l10, and TAF,,GO mediated transcriptional synergism by BCD and HB, 
whereas triple TBP-TAF,, complexes lacking one or the other target coactivator failed to 
support synergistic activation. Deoxyribonuclease I footprint protection experiments re- 
vealed that an integral step leading to transcriptional synergism involves the recruitment 
of TBP-TAF,, complexes to the promoter by way of multivalent contacts between 
activators and selected TAF,,s. Thus, the concerted action of multiple regulators with 
different coactivators helps to establish the pattern and level of segmentation gene 
transcription during Drosophila development. 

T h e  segmented body pattern of Drosophila 
melanogaster is established by a hierarchic 
network of maternal and zygotic segmenta- 
tion gene activities that progressively sub- 
divide the embryo into its final metarneric 
pattern. Genetic and molecular studies 
have revealed that the temporally and spa- 
tially restricted patterns of segmentation 
gene transcription are controlled by a cas- 
cade of transcription factors ( I  ). However, 
the underlying molecular mechanisms that 
control the transcription of segmentation 
genes remain unclear. Although the gene 
regulatory factors are present in rather dif- 
fuse and overlapping concentration gradi- 
ents along the axis of the embryo, spatially 
restricted patterns of transcription domains 
with sharp boundaries are generated (2 ) .  
How can diff~~se overlapping concentration 
gradients of transcription factors generate 
the complex yet precise mosaics of gene 
expression observed? One model postulates 
that the expression of segmentation genes is 
activated by transcription factors encoded 
by maternal genes and that the sharp bor- 
ders of expression within segments become 
established as a result of repressors encoded 
by zygotic genes (3) .  However, the interplay 
of activators and repressors cannot fully ex- 
plain how the levels and the initial expan- 
sion of segmentation gene transcription be- 
come established. Genetic and molecular 
analysis of Drosophila segmentation genes 
suggest instead that another key feature of 
mechanisms that dictate transcriptional 
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levels and segmented patterns of expression 
involves synergistic activation of transcrip- 
tion by multiple transactivators (4-6). It is, 
therefore, of interest to determine how the 
coordinate interaction of multinle activa- 
tors can specify and regulate transcription 
of segmentation genes. 

When eukaryotic enhancer binding fac- 
tors are tethered to the template DNA by 
their DNA binding domains, appropriately 
exnosed activation domains contact one or 
more components of the hasal transcrip- 
tional apparatus (7) .  Many sequence-specif- 
ic activators interact directly with one or 
more subunits of the basal transcription fac- 
tor IID (TFIID). TFIID is composed of the 
T A T A  binding protein (TBP) and eight or 
more TBP-associated factors (TAFlls) (8). 
Different classes of activators (such as acid- 
ic, glutamine rich, isoleucine rich) contact 
distinct target coactivators within the 
TFIID complex to mediate transcriptional 
activation (9-12). It was, therefore, of in- 
terest to determine whether transcription 
factors responsible for Drosophila body pat- 
tern formation also require TAFIls as coac- 
tivators. In particular, we hoped to discern 
the role (if any) of TAF,,s in the mecha- 
nisms of transcrintional amnlification that 
allow multiple activators to switch gene 
expression from an off-state to a highly 
Increased on-state. 

T o  study the mechan~sms of transcrln- 
tional synergy, we analyzed the relation be- 
tween multiple enhancer binding proteins 
that regulate segmentation genes and puta- 
tive coactivators required to mediate tran- 
scriptional activation by RNA polymerase 

I1 (Pol 11). For these studies, we used the 
Drosophila gene hunchback ( h h )  (13). In the 
embryo, the transcription of zygotic hb is 
synergistically activated by the product of 
the maternal gene bicoid, a homeodornain 
protein (BCD), and of hb itself, a zinc finger 
protein (HB) (14, 15). This model system is 
ideal for in vitro studies because only two 
transactivators are necessary for the tran- 
scriptional synergism observed in vivo. All 
of the cis-regulatory sites required to pro- 
gram these two activators reside within a 
relatively short DNA sequence of 300 base 
pairs (bp) located proximal to the start site 
and T A T A  box of the hh core promoter 
(15). 

Synergistic activation of the hb promot- 
er by BCD and HB is TAF,,-dependent. 
For these in vitro transcription studies, we 
used a Drosophila-reconstituted transcrip- 
tion system composed of purified recomhi- 
nant basal factors TFIIA, R ,  E, F, purified 
TFIIH, RNA Pol 11, and either endogenous 
TFIID or recombinant TRP-TAFII com- 
plexes (16). The template we used consisted 
of a plasmid containing the transcriptional 
control region (-300 bp) necessary and 
sufficient for proper hb expression in vivo. 
This control region contains one HR bind- 
ing site intermingled with three BCD hind- 
ing sites (Fig. 1A) (15). T o  assay activation, 
we used purified BCD and HR proteins that 
were produced in Sf9 cells infected with 
recombinant haculovirus expressing Flag 
epitope-tagged versions of these Drosophila 
activators (Fig. 1, R and C )  (17). Primer 
extension analysis was used to measure in 
vitro transcription products in reconstituted 
reactions supplemented with either TBP or 
TFIID in the presence or absence of activa- 
tors (Fig. 1, D and E) (18). Transcription 
reactions containing TRP failed to support 
activation by either BCD or HR proteins 
(Fig. ID). Ry contrast, reactions containing 
endogenous TFIID supported a 5- to 10-fold 
activation by both RCD and HR activators 
individually (Fig. lD) .  Control templates 
without HR and BCD binding sites failed to 
respond to either activator protein (19). 
Thus, HR and BCD, like most other tested 
eukaryotic activators, require one or more 
of the TAF,, subunits in TFIID to mediate 
transcriptional activation. 

We tested whether this in vitro system 
could recapitulate the transcriptional syner- 
gism between RCD and HB that has been 
observed in vivo (14). Because \Ye \\.ere 
interested in the contribution of activator- 
coactivator interactions to transcriptional 
synergism, the reactions were carried out 
with near-saturating levels of activators in 
order to minimize any potential cooperative 
DNA binding interactions between BCD 
and HR at the promoter. Under these con- 
ditions, either HB or BCD alone gave rise 
to a six- to sevenfold level of activation 
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(Fig. 1E). However, in the presence of both 
activator proteins, we observed a large en- 
hancement of transcription (greater than 
65-fold) when TFIID was used in the recon- 
stituted reactions (Fig. 1E). When TBP was 
used instead of TFIID, no activation or 
synergism was observed. Thus, both simple 
activation as well as synergistic activation 
by BCD and HB is TAFII-dependent. 

HB and BCD target different TAF,,s in 
the TFIID complex. Different classes of 
activators recognize and interact selectively 
with distinct TAFlls to mediate transcrip- 
tional activation (8-12). We wanted to 
determine which TAFlls were targets for 
BCD and HB. The activation domain of 
HB is not fully characterized, but on the 
basis of the primary sequence it may be 
located between the NH,- and COOH- 
terminal zinc finger DNA binding domains 
of the protein (1 3). BCD most likely con- 
tains multiple activation domains; these in- 
clude a glutamine-rich region that is neces- 
sary for transcriptional activity in the em- 
bryo and also a COOH-terminal acidic do- 
main that is active in yeast but dispensable 
in Drosophila (20). BCD also contains a 
third putative activation domain that is 
alanine rich and is located between the 

glutamine-rich domain and the acidic re- 
gion (2 1 ). For the remainder of the exper- 
iments, we used full-length HB protein in 
combination with a truncated version of 
BCD (BCD-Q) that contains only the glu- 
tamine-rich activation domain (22). Direct 
protein-protein binding assays were used to 
identify which TAF,,s in the TFIID com- 
plex bind selectively to the activation do- 
mains of HB and BCD-Q. 

Epitope-tagged BCD-Q and HB were 
immunopurified and the resulting protein 
affinity resins were incubated with 35S- 
methionine-labeled reticulocyte lysate- 
expressed proteins (23). Affinity beads 
saturated with purified BCD-Q selectively 
bound to dTAF,,110 but not to TAFI160, 
TAFI180, TAFI1250, or TBP (Fig. 2A). 
Affinity resin containing HB protein 
bound specifically to dTAF1160 but not to 
TAF,,110, TAFl180, TAFI,250, or TBP 
(Fig. 2B). Control affinity beads without 
either BCD or HB protein failed to retain 
any of the tested proteins (Fig. 2B). Sev- 
eral other TAFIIs were also tested but did 
not bind to either BCD-Q or HB (19). 
Thus, HB must contain one or more acti- 
vation domains that can recognize and 
interact selectively with TAF1160. Consist- 

ent with other glutamine-rich activators, the 
glutamine-rich domain of BCD interacts se- 
lectively with dTAFII1 10 (1 0, 19, 24). Thus, 
BCD-Q and HB can target distinct compo- 
nents of the TFIID complex and therefore 
may contribute to multivalent interactions 
that function in synergistic activation. 

A complex containing both dTAFI160 
and dTAFIIl10 is required to mediate 
BCD-Q- and HBdependent synergistic 
activation. We used the in vitro assembly of 
partial TFIID complexes (1 1 ) to test which 
specific activator-TAFI1 interactions were 
required to mediate transcriptional syner- 
gism. Four distinct TBP-TAFII complexes 
were assembled (Fig. 3A) (25) and tested for 
their ability to support transcriptional acti- 
vation and synergism (26). Reconstituted 
transcription reactions supplemented with 
the TBP, TAF11250, and TAFI160 complex 
supported activation by HB but not BCD-Q 
(Fig. 3, B and C). The triple complex of 

HB BCD O +  O +  o o m  m u m  , s m x  , s m z  A A -=;,, 

1 2 3 4 5 6  7 8 9 1 0 1 1 1 2  1 2 3 4  5 6  7 8  -- -- -- 
TBP TFllD TBP TfllD TBP TFllD 

Fig. 1. TFIID is required for BCD- and HB-dependent synergistic activation. (A) Schemqtic representation 
of the hb enhancer-promoter reporter plasmid used in the in vitro transcription experiments. The gray 
rectangle represents the hb enhancer-promoter which is fused at position +I15 to the chloramphenicol 
acetyltransferase (CAT) reporter gene (15). Black rectangles indicate the position of three high-affinity 
BCD binding sites, and the circle the position of the HB binding site. (Band C) Purification of BCD and HB. 
Recombinant Flag epitopetagged BCD or HB was expressed in Sf9 cells, purified from cell extracts with 
Flag M2 antibody resin, and subsequently eluted from the beads with peptides mimicking the Flag 
epitope. Aliquots of the cell extracts before purification (lane 1) and of the eluted proteins (lane 2) were 
separated by SDS-PAGE, and proteins were detected by staining with Coomassie blue. The position and 
molecular sizes (in kilodaltons) of protein standards are indicated on the left. (D) BCD and HB requireTFllD 
in order to activate transcription. Autoradiogram of in vitro transcription reactions with the reconstituted 
Drosophila transcription system containing either dTBP (lanes 1 to 3 and 7 to 9) or endogenous TFllD 
(lanes 4 to 6 and 10 to 12). Transcription from the hb enhancer-promoter reporter plasmid was assayed 
by primer extension in the absence (lanes 1 and 7) or presence of HB (lanes 2,3,5, and 6; lanes 2 and 
5,5 ng; lanes 3 and 6,25 ng) or BCD (lanes 8,9,11, and 12; lanes 8 and 11,2.5 ng; lanes 9 and 12,12.5 
ng. (E) HB and BCD synergistically activate transcription. In vitro transcription experiments are shown 
with the same transcription system as in (D) containing either no activator (lanes 1 and 5). HB (lanes 2 and 
6, 5 ng), BCD (lanes 3 and 7, 2.5 ng), or both transactivators (lanes 4 and 8, 5 ng HB + 2.5 ng BCD) in 
the presence of either TBP (lanes 1 to 4) or endogenous TFllD (lanes 5 to 8). 

1 2 3 4 5 6  7 8 9 1 0 1 1 1 2  13 1415 ----- 
dTAFlll10 dTAFI160 dTBP dTAF1180 dTAFl1250 

1 2  3 4 5 6 7 8 9 1 0 1 1 1 2  1 3 1 4 1 5  ----- 
dTAFI160 dTAFII1 10 dTBP dTAFl180 dTAF11250 

Fig. 2. BCD-Q interacts with TAF,,110, HB with 
TAFI,6O. (A and B) Anti-Flag M2 antibody resin (A 
and B: lanes 2,5,8, 1 1, and 14) or beads loaded 
with either Flag-BCD-Q (A: lanes 3, 6, 9, 12, and 
15) or Flag-HB (B: lanes 3, 6, 9, 12, and 15) were 
incubated with the 35S-labeled reticulocyte lysat* 
expressed TAF,, indicated at the bottom of each 
panel. Protein complexes were washed, separated 
on SDS-PAGE, and bound TAF,,s were detected 
by autoradiography. (A and B) Lanes 1, 4, 7, 10, 
and 13 represent 25% of the starting material used 
in the binding reactions. The results of these exper- 
iments are illustrated above each panel. 
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TBP, TAF,,250, and TAFII110 mediated 
transcription by BCD-Q but not HB. The 
quadruple complex of TBP, TAF,,250, 
TAFI,l 10, and TAF1,60 mediated activation 
by both BCD-Q and HB individually (Fig. 3, 
B and C),  whereas a complex of TBP and 
TAFI1250 failed to support activation by 
either activator (19). These results confirm 
that transcri~tional activation bv HB re- 
quires the coactivator TAF1,60, whereas ac- 
tivation by BCD-Q requires the coactivator 
dTAF,, 110. 

Next, we tested whether any of the par- 
tial complexes could support synergistic ac- 
tivation by the combined action of BCD-Q 
and HB on the hb promoter template. We 
used two different concentrations of activa- 
tors to assess the extent of synergistic acti- 
vation in vitro (Fig. 3, B and C). Neither of 
the two trimer TBP-TAF,, complexes sup- 
ported synergistic activation with either 
low or high concentrations of BCD-Q and 
HB protein (Fig. 3, B and C). In contrast, 
the complex containing TBP, TAFI,250, 
TAF,,110, and TAF,,60 supported a large 
enhancement of transcription in the pres- 
ence of both activators (Fig. 3, B and C).  
Whereas a single activator gave rise to ap- 
proximately 3- to 4-fold activation at the 
low concentration of activator protein, the 
presence of both activators at the same low 
concentrations resulted in a 53-fold activa- 
tion above basal (Fig. 3B). Thus, the pres- 
ence of BCD-Q and HB in a reconstituted 
reaction containing a complex of TAF,, 110 
and TAF,,60 gave rise to a level of tran- 
scription that was greater than the product 

of the transcription activity observed with 
each activator alone. With near-saturating 
levels of activator proteins, we observed an 
11- to 12-fold activation with either acti- 
vator alone. whereas the two  rotei ins to- 
gether gave approximately 113-fold en- 
hancement of transcription (Fig. 3C). Thus, 
even with high concentrations of the indi- 
vidual activators, the combined action of 
these two proteins direct a level of tran- 
scriptional activation that is well beyond 
additive and very nearly multiplicative. 
Thus, the transcriptional synergism resulting 
from the coordinate action of HB and 
BCD-Q is dependent on the presence of 
multiple TAFlls that can serve as targets 
within the TFIID complex. Truncated ver- 
sions of BCD and HB, containing a DNA 
binding domain but lacking activation do- 
mains, were unable to support either simple 
activation or synergistic activation, confirm- 
ing that the presence of activation domains 
in both BCD-0 and HB is reauired for tran- - 
scriptional synergism ( 19). In transcription 
reactions with the two different triple com- 
plexes mixed, no transcriptional synergism 
was observed (1 9), suggesting that TAF1160 
and TAFlll 10 must be present in the same 
TBP-TAF,, complex in order to mediate syn- 
ereistic activation of transcri~tion. " 

Thus far we have limited our analysis to 
a single endogenous template, the hb en- 
hancer-promoter region. To  assess the po- 
tential contribution of promoter architec- 
ture to transcriptional synergism, we also 
tested two additional templates containing 
enhancer elements bearing only one BCD 

A +  n +  d +  
m o m  m o m  m o m  , z m x  , z m z  . z m s  

A +  d +  d +  
m o m  m o m  m o m  

, z m z  z m z  , s m x  

Fig. 3. Partial TFllD complexes containing dTBP, TAF,,250, TAFI,6O, and TAF,,l10 support BCD-Q- and 
HB-dependent synergistic activation. (A) Silver-stained gel of in vitro assembled partial TFllD complexes 
containing dTBP and TAF,,250 (lane 1); TBP, TAF,,250, and TAFI,6O (lane 2); TBP, TAF,,250, and TAF,,l10 
(lane 3); or TBP, TAF,,250, TAFI,6O, and TAF,,l10 (lane 4). Aliquots of the assembled complexes were 
separated by SDS-PAGE and visualized by silver staining. The position and molecular sizes (in kilodal- 
tons) of marker proteins are indicated on the left. (B) HB and BCD-Q require TAFI,6O and TAFl,l10 in order 
to activate transcription. Four nanomolar of the assembled partial TFllD complexes TBP-TAFl,250- 
TAFI,6O (lanes 1 to 4), TBP-TAF,,250-TAF,,l 10 (lanes 5 to 8), and the quadruple complex TBP-TAFI,25O- 
TAFI,6O-TAF,,l 10 (lanes 9 to 12) were tested in the reconstituted Drosophila transcription system lacking 
endogenous TFIID. Transcription was analyzed by primer extension in the absence of activators (lanes 1, 
5, and 9) or in the presence of 2 ng of HB (lanes 2,6, and 10) or 1 ng of BCD-Q (lanes 3,7, and 11) or 2 
ng of HB and BCD-Q (lanes 4 ,8 ,  and 12). (C) The same as in (B) except that 10 ng of HB (lanes 2,4,6,  
8, 10, and 12) and 5 ng of BCD-Q (lanes 3, 4, 7, 8, 11, and 12) were used. 
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and one HB binding site derived either from 
the even skipped-stripe 2 enhancer or from 
the hb enhancer (27). Like the hb enhancer 
these two minimal enhancers supported a 
high level of synergistic activation only in 
the presence of both BCD-Q and HB and 
the quadruple complex containing both 
TAFl,l 10 and TAFI,60, whereas simple ac- 
tivation was observed when either of the 
two triple TBP-TAFII complexes was used 
(19). These findings confirm that BCD and 
HB can activate transcription synergistically 
by way of specific contact with TAFIIl10 
and TAFI160, respectively, in the context of 
different enhancer arrangements. 

TAFIIs direct activator-dependent re- 
cruitment of TFIID to the promoter. Al- 
though the in vitro transcription studies 
establish that multiple activator-TAFI1 con- 
tacts function in mediating transcriptional 
activation and synergism, they cannot de- 
cipher the likely mechanism by which spe- 
cific protein-protein interactions govern 
different steps during the transcription cy- 
cle. We hoped to address the role of acti- 
vator-coactivator interactions in recruiting 
TFIID to the promoter. For these studies, 
we performed deoxyribonuclease I (DNase 
I) footprint protection experiments with a 
radiolabeled enhancer fragment derived 
from the hb control region (residues -231 
to +115) together with purified HB and 
BCD-Q protein in the presence of various 
partial TBP-TAF,, complexes (28). Our 
DNA binding studies were carried out with 
saturating amounts of BCD-Q and HB such 
that each activator alone could achieve 
greater than 90% occupancy of their cog- 
nate binding sites (Fig. 4). Consistent with 
previous reports, HB protein recognized and 
bound to a single site (-175 to -200) 
within the hb enhancer region (Fig. 4, B 
and C), whereas BCD-Q bound to two in- 
dependent sites, A3 (residues -70 to -60; 
Fig. 4, D and E) and A2 (-160 to -170; 
Fig. 4, D and E) (15). We also carried out 
DNase I footprint protection assays in the 
presence of both proteins to determine the 
extent, if any, of cooperative DNA binding 
between BCD and HB. Our results revealed 
no detectable cooperativity in the binding 
of these proteins to the multiple DNA 
binding sites within the hb promoter (19). 

We tested increasing concentrations of 
various TBP-TAFII complexes for binding 
to the TATA region. We expected to see a 
somewhat extended footprint encompassing 
the TATA box (Fig. 4A) because we used 
TBP-TAF,, complexes rather than TBP 
alone (29). For detection of a protected 
region overlapping the TATA box without 
an activator, a very high concentration 
(160 nM) of TBP-TAF,, complexes was 
required (Fig. 4A). However, in the pres- 
ence of activators, binding of TBP-TAF,, 
complexes to the promoter DNA was ob- 
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served at much lower concentrations. For 
example, in the presence of HB, an extend- 
ed TATA box footprint was observed in the 
presence of the triple complex of TBP, 
TAF,,250, and TAF1160 (at -12 nM) (Fig. 
4B), yet no protection over the TATA box 
was observed when the TBP, TAF1,250, and 
TAFlll10 complex was used (Fig. 4C). In 
the presence of BCD-Q, we observed a 
TATA region footprint with the triple 
complex TBP, TAFI1250, and TAFlll10 
(Fig. 4D) but not with the complex of TBP, 
TAF,,250, and TAFI,60 (Fig. 4E). The con- 
centration of TBP-TAF,, complexes neces- 
sary to detect TATA box binding in the 
presence of saturating levels of BCD-Q was 
somewhat lower than in the presence of 
HB, presumably because there are two BCD 
DNA binding sites but only one HB DNA 
site present on the template. These results 
are consistent with our in vitro transcrip- 
tion findings and confirm that recruitment 
of TFIID that leads to transcriptional acti- 
vation is dependent on specific activator- 
coactivator interactions. 

We tested the quadruple TBP-TAF,, 
complex containing both TAFI,l10 and 
TAF,,60. Binding of this complex to the 
TATA box was enhanced substantially 
when either HB or BCD occupied their 
respective binding sites on the template 
(Fig. 5, A and B). However, with both 
activators, the concentration of the quadru- 
ple complex required to produce a distinct 
footprint was -50-fold lower (80 pM) than 
the concentration needed (4 nM) to bind 
DNA in the presence of a single activator 
(Fig. 5C). Moreover, this enhanced ability 
of BCD-Q and HB to recruit TFIID to the 
promoter was not observed when either of 
the two triple TBP-TAF,, complexes was 
used (Fig. 5, D and E). Instead, we observed 
TATA region protection only at the high- 
est concentration of TBP-TAF,, complexes 
(Fig. 5D) in a manner similar to reactions 
containing only one or the other activator 
alone (Fig. 5, A and B). Moreover, the 
recruitment of TBP-TAF complexes by HB 
and BCD-Q, like transcriptional activation, 
depends on the activation domains because 
truncated versions of these proteins con- 
taining only the DNA binding domain 
failed to recruit TBP-TAF complexes to the 
template DNA (19). These results suggest 
that the same activator-TAF,, interactions 
required for transcriptional synergism also 
mediate an enhanced recruitment of TBP- 
TAF,, complexes to the promoter DNA. 
Therefore, it seems likely that synergistic 
activation requires the targets of indepen- 
dent activators to be assembled into a com- 
plex containing multivalent contacts. 

In vivo analysis of transcriptional events 
that control Drosophila development have 
underscored the importance of synergistic 
activation directed by the interplay of mul- 
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tiple enhancer binding proteins in the em- 
brvo (4-6. 14). One of the clearest exam- , . 
pl& of coordinate activation by two distinct 
enhancer binding factors working in concert 
is the pattern of hb expression directed by the 
maternal factor, BCD, and the HB protein 
itself (14). One simple and widely accepted 
model postulates that the binding of BCD 
and HB to their cognate recognition sites 
within the hb enhancer may be cooperative. 
For example, the binding of BCD could fa- 
cilitate the binding of HB to the template, or 
vice versa. Many examples of synergistic 
transcri~tional activation revealed bv in vivo 
studies with transgenic flies have been inter- 
preted to result from cooperative DNA bind- 
ing (4-6, 14, 15, 30). However, we were 
unable to obtain any evidence that HB and 
BCD proteins interact with each other to 
direct cooperative binding at the promotor 
(19). Thus, it was important to determine 
whether other mechanisms accounted for 
the observed synergism of transcription by 
these two activators. 

A 

TBF-TAF 

-35- :?Il 
-65- i 

: t 
. - 
. - 
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TATA 
box 

= L 
TBP-TAF 

An alternative mechanism would be 
multiple enhancer factors that bound inde- 
pendently to their DNA recognition sites to 
interact simultaneously with multiple com- 
ponents of the basal transcription machin- 
ery and efficiently mediate cooperative 
binding by way of activator-coactivator in- 
teractions. In this model, multiple enhancer 
bindine factors tethered to the DNA induce - 
synergistic activation by enhancing the re- 
cruitment of essential basal factors to the 
template. To test such a protein-protein- 
driven mechanism, we have recapitulated 
and dissected the requirements for synergis- 
tic activation by BCD and HB in vitro 
using a purified transcription system. Our 
results establish that a primary mechanism 
for synergistic transcriptional activation of 
the wild-type hb promoter-enhancer tem- 
plate involves specific binding between ac- 
tivation. domains of BCD and HB with 
select coactivator targets in the TFIID com- 
plex. In vitro transcription reactions in 
combination with protein binding assays 
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Fig. 4. Specific activator-coactivator interactions mediate recruitment of TBP-TAF,, complexes to the 
hb-promoter. (A to E) DNase I footprint experiments with 0.2 fmol of a template from the hb-control region 
(-231 to +115) radiolabeled on the transcribed strand, constant amounts of HB or BCD-Q, and variable 
amounts of the indicated assembled TBP-TAF,, complexes. (A) DNase I footprinting of 1.5 pg of the 
quadruple TBP-TAF,,250-TAF,,60-TAF,,l 10 complex in the absence of activators (lane 2). (6) DNase I 
digest with 5 ng of HB (lanes 2 to 4) in the presence of 14 nM (lane 2), 4 nM (lane 3), or 1.3 nM (lane 4) of 
the triple TBP-.TAF,,250-TAF,,60 complex. (C) Same as (B) except that 14 nM (lane 2), 4 nM (lane 3), or 0.8 
nM (lane 4) of the triple complex containing TAF,,l 10 were used. (D) Same as (C) except that 2.5 ng of 
BCD-Q (lanes 2 to 4) were used instead of HB. A2 and A3 indicate the position of BCD-Q binding sites. 
(E) Same as (B) except that 2.5 ng of BCD-Q (lanes 2 to 4) were used. M, DNase I digestions carried out 
in the absence of any protein (A, lanes 1 and 3; B to D, lanes 1 and 5). Rectangles, DNase I-protected 
regions; bars, consensus binding sites. 
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and DNase I footprint studies reveal that tuted with TBP-TAF,, complexes lacking 
synergistic activation requires simultaneous either TAF,,110 or TAF,,60 result in simple 
interactions of BCD and HB with TAF,,110 activation but no synergism. However, 
and TAF1160, respectively (Fig. 6). Tran- when both target coactivators interact si- 
scription reactions with only one activator multaneously with the two activators teth- 
lead to simple activation but no synergism. ered to DNA, an enhanced synergistic level 
Likewise, transcription reactions reconsti- of transcription is induced. Thus, it appears 

A L 
TB P-TAF 

=b. 
TB P-TAF TBP-TAF TBP-TAF TBP-TAF 

DL 
+ 

BCD-Q 
M-M - 

+1- 

-35 - 1 TATA 

-65 - ['A3 

Fig. 5. Enhanced binding of a quadruple TBP-TAF,, complex containing TAFI,6O and TAF,,llO to the 
hb-promotor in the presence of both HB and BCD-Q. (A to C) DNase I footprint experiments with 0.2 fmol 
of the hb-control region (Fig. 4) and 14 nM (lane 2), 4 nM (lane 3), 0.8 nM (lane 4), 0.08 nM (lane 5), or 
0.008 nM (C, lane 6) of the quadruple TBP-TAFIl250-TAF,,60-TAFJ 10 complex. DNase I digestion in the 
presence of (A) 1 ng of HB (lanes 2 to 5), (B) 2 ng of BCD-Q (lanes 2 to 5), and (C) 1 ng of BCD-Q and 2 
ng of HB (lanes 2 to 6). (D) DNase I footprint with 14 nM (lane 2), 4 nM (lane 3), 0.8 nM (lane 4), 0.08 nM 
(lane 5), or 0.008 nM (lane 6) of the triple TBP-TAFl,250-TAF,,l 10 complex in the presence of 1 ng of 
BCD-Q and 2 ng of HB (lanes 2 to 6). (E) Same as in (D) except that equal amounts of the triple 
TBP-TAFIl250-TAFl,60 complex were used. M ,  lanes representing DNase I digestions in the absence of 
protein. Rectangles and bars, DNase I-protected regions and consensus binding sites, respectively. 

Fig. 6. Model for synergistic activation of transcription mediated 
by HB and BCD. (A) HB bound to its DNA binding site interacts 
with TAFI,6O in the triple complex containing TBP, TAF,,250, and 
TAFI,6O and supports transcriptional activation. The simultaneous 
presence of BCD on the DNA does not enhance the level of 
transcription (indicated by the arrow) because the TBP-TAF,, 
complex lacks the coactivator for BCD. (B) A triple complex 
containing TBP, TAF,,250, and TAF,,l10 supports activation by 
BCD, but is unable to communicate with HB. (C) The simulta- 
neous interaction of BCD and HB with TAFI,6O and TAF,,l 10 in the 
quadruple TBP-TAF,, complex supports a high level of synergistic 
activation of transcription. 

that the multivalent nature of the TFIID 
complex containing numerous potential in- 
terfaces for contact by different activation 
domains represents an important feature 
with the potential to mediate synergistic 
activation of transcrintion. 

A key aspect of the transcriptional syn- 
ergy appears to be the active and efficient 
recruitment of TBP-TAF,, complexes to the 
promoter by virtue of multiple contacts be- 
tween activators and TAF,,s. We expected 
that efficient recruitment of TFIID may be 
a regulated step during the transcription 
cycle. In the case of BCD and HB, DNase I 
footurint exueriments establish that when 
both activators are present on the template, 
binding of TFIID to the TATA box occurs - 
even at very low concentrations, whereas 
when only one activator is present much 
higher concentrations of TFIID are required 
to occupy the TATA box region. Thus, the 
transcriptional synergism observed during 
in vitro transcription reactions can be ac- 
counted for largely by the markedly en- 
hanced ability of HB and BCD to act 
coordinately to recruit TFIID by way of 
multiple contacts with individual TAF,,s 
tightly associated with TFIID. Given the 
coonerative nature of the interactions be- 
tween TAFlls and activators observed in 
our experiments, we expect that the bind- 
ing of TFIID to TATA box elements of 
the promoters could reciprocally influence 
the binding of activators to enhancer ele- 
ments. Thus, the transcriptional synergism 
we observe is a more elaborate version of 
cooperative DNA binding between tran- 
scription factors each able to contact 
DNA as well as one another to form a 
stable initiation complex. 
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