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The template and coactivator requirements for synergistic transcription directed by a 
single activator, Bicoid (BCD), bound to multiple sites have been determined. Mutagenesis 
studies in combination with protein binding experiments and reconstituted transcription 
reactions identified two independent activation domains of BCD that target different 
coactivator subunits (TAF,,I 10  and TAF,,GO) of the basal transcription factor IID (TFIID). 
The presence of both coactivators is required for BCD to recruit the TATA binding protein 
(TBP)-TAF complex to the promoter and direct synergistic activation of transcription. 
Thus, contact between multiple activation domains of BCD and different targets within the 
TFllD complex can mediate transcriptional synergism. 

A generally accepted model for transcrip- 
tional activation postulates that activator 
proteins bind selectively to enhancer ele- 
ments of target genes, thereby positioning 
one or more activation domains for contact 
with specific targets in the basal transcrip- 
tion machinery (1 , 2). Most eukaryotic 
transcriptional regulatory regions contain 
multiple activator DNA binding sites re- 
quired to achieve enhanced levels of tran- 
scription (3). In some cases a single activa- 
tor bound to multiple DNA sites can acti- 
vate transcription synergistically. An im- 
portant clue to how this synergy may work 
mechanistically came with the observation 
that most eukaryotic transcription factors 
contain multiple activation domains (4, 5). 
Recent studies show that different activa- 
tion domains (such as glutamine-rich, acid- 
ic, and isoleucine-rich) contact distinct 
subunits of TFIID that com~rise TBP and at 
least eight associated factors, called TAFs 
( 6 ,  7). 

In the accompanying article, we deter- 
mined how two distinct Drosophila activa- 
tors, Bicoid (BCD) and Hunchback (HB), 
each bearing a single but distinct activation 
domain, act in concert with different coac- 
tivators of the TFIID complex to direct 
synergistic activation of hunchback (hb) 
transcription in vitro (8). In vivo studies 
suggest that BCD alone can also activate hb 
transcription (5). The transcription levels 
directed by BCD depend on the number of 
DNA binding sites, suggesting that there is 
a potential synergistic interaction between 
multiple bound BCD molecules. Here, we 
investigated how a single Drosophila activa- 
tor, BCD, bearing multiple distinct activa- 
tion domains (5), mediates synergistic tran- 
scription when bound to two or more sites 
on the DNA template. 

We tested whether wild-type Bicoid pro- 
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tein activated transcription synergistically 
with templates bearing one, two, or three 
BCD binding sites by using a reconstituted 
Drosophila transcription system comprising 
recombinant basal factors TFIIA, B, E, F, 
purified TFIIH, and RNA polymerase I1 in 
combination with either recombinant 
TATA binding protein (TBP), endogenous 
TFIID, or in vitro assembled TBP-TAFII 
complexes (9). The various truncated and 
fusion versions of activators used in this 
study were overproduced in Sf9 cells infect- 
ed with recombinant baculovirus expressing 
epitope-tagged proteins ( 1  0). The templates 
used to program transcription consisted of 
plasmids containing the hunchback promot- 
er region fused to enhancer fragments con- 
taining one, two, or three.activator binding 
sites (1 1). Reconstituted transcription reac- 

tions supplemented with TBP failed to sup- 
port activation by BCD (Fig. 1A) (12). 
Transcription reactions supplemented with 
TFIID and programmed with the template 
containing a single BCD binding site sup- 
ported a modest level of activation (three- 
fold) even at saturating concentrations of 
BCD protein (Fig. 1A). In contrast, a tem- 
plate bearing two BCD binding sites sup- 
ported approximately a 10-fold level of ac- 
tivation. Thus, doubling the number of 
BCD binding sites from one to two resulted 
in a greater than additive effect on the level 
of transcription. The addition of a third 
BCD binding site to the template increased 
activation only by an additional 25%. Tran- 
scription reactions programmed with con- 
trol template without any BCD binding 
sites failed to support detectable levels of 
activation (13). Our results indicate that 
high levels of synergistic transcription by 
BCD can be achieved with templates con- 
taining two or more BCD binding sites in 
the presence of TFIID. These results estab- 
lish that BCD activation is TAF-dependent 
and most likely requires multiple activator- 
TAF interactions. 

In vitro protein-protein interaction as- 
says were performed to identify the TAFs 
that bind selectively to the activation do- 
main (or domains) of BCD (14). An affin- 
ity resin saturated with epitope-tagged BCD 
retained both TAFlll10 and TAF1160 but 
not TAF1,250, TAF1180, or TBP (Fig. 1B). 
We tested the other Drosophila TAFs, as 
well as several basal factors, but none bound 
BCD selectively (13). Wild-type BCD, 
which likely contains more than one acti- 
vation domain, can bind selectively to at 
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Fig. 1. Bicoid synergistically activates transcription in a DNA binding site-dependent manner. (A) 
Transcription reactions with a reconstituted Drosophila transcription system supplemented with either 1 
ng of recombinant TBP (lanes 1 to 6) or -25 ng of endogenous TFllD (lanes 7 to 12) with the reporter 
plasmids phbCAT-91 (lanes 1,2,7,  and 8), phbCATQ31X (lanes 3,4,9, and 1 O), or phbCAT-298 (lanes 
5, 6, 11, and 12) containing one, two, or three high-affinity BCD DNA binding sites, respectively (1 I ) .  
Transcription products were detected by primer extension from reactions containing no BCD (lanes 1,3, 
5, 7,  9, and 11)  or 15 ng of BCD (lanes 2, 4, 6, 8, 10, and 12). (6) Bicoid interacts with TAF,,GO and 
TAF,,l10. Autoradiograms representing protein-protein interaction assays in which Flag antibody resin 
saturated with Flag epitope-tagged BCD (lanes 3,6,9,12, and 15) or resin devoid of BCD (lanes 2,5,8,  
1 1 , and 14) was incubated with the 35S-methionindabeled reticulocyte-expressed proteins indicated at 
the bottom of each panel. Protein complexes were separated by SDS-PAGE and bound proteins were 
detected by autoradiography. The input lane represents 25% of the starting material used in each 
reaction. Asterisks indicate the position of full-length proteins. 
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least two distinct subunits of the TFIID 
complex, TAFI,l 10 and TAF,,60 (6, 15). 

In vivo studies suggested that BCD con- 
tains at least two tandem activation do- 
mains, including a glutamine-alanine-rich 
region (QA) and a COOH-terminal acidic 
region (5). To  delineate the regions of BCD 
required for specific activator-TAF interac- 
tions, we generated fusion proteins compris- 
ing the glutathione-S-transferase (GST) 
coding region linked to different portions of 
BCD (Fig. 2, A and B) (16). The resulting 
GST-BCD fusion products were attached to 
glutathione beads and incubated with 35S- 
labeled TAF,,60 or TAF,,110 (1 7). Both 
TAFs were retained on beads loaded with a 
fusion protein containing the Q and A 
domains (BCD-QA) but lacking the 
COOH-terminal acidic domain (Fig. 2, C 
and D). A deletion mutant that lacks the A 
region of the QA domain abolished the 
binding of TAF,,60 but still bound 
TAFl,l 10. Fusion proteins containing only 
the BCD DNA binding domain or the acid- 
ic domain failed to interact with either 
TAFl,l10 or TAF,,60. GST alone also 
failed to interact with any TAFs. Thus, the 
glutamine domain of BCD (Q) binds to 
TAF,, 1 10, whereas the alanine-rich domain 
(A)  interacts with TAF,,60. 

To determine the activator requirements 
for synergistic transcription, we tested BCD 
derivatives containing the dual activation 
domain, BCD-QA, or truncated versions 
containing either one (BCD-Q) or the other 
(BCD-A) activation domain (Fig. 3A) (10) 
in transcription reactions reconstituted with 
various in vitro assembled TBP-TAFII com- 
plexes (18). Transcription reactions supple- 
mented with the triple complex TBP, 
TAF,,250, and TAF,,60 supported activation 
by BCD-QA and BCD-A but not BCD-Q 
(Fig. 3B). In contrast, the TBP-TAFI,25O- 
TAF,,110 triple complex mediated activa- 
tion by BCD-QA and BCD-Q but not by 
BCD-A (Fig. 3C). These experiments estab- 
lish that the Q and A activation domains 
can operate independently by contacting 
distinct targets with the TFIID com~lex. - 

Next, we tested transcription reactions 
supplemented with a complex containing 
TBP, TAF,,250, TAF,,110, and TAF,,60 
for their ability to mediate synergistic ac- 
tivation. This quadruple complex support- 
ed simple activation by BCD-Q or BCD-A 
(Fig. 3D). However, BCD-QA, bound to 
two sites on the template, mediated syn- 
ergistic activation in the presence of the 
auadru~le com~lex.  Neither of the two 
;riple 'complexes lacking TAFI160 or 
TAF,,l 10 supported synergistic activation 
by BCD-QA (Fig. 3, B and C) .  A template 
containing only one BCD DNA binding 
site also failed to mediate synergistic acti- 
vation even in the presence of BCD-QA and 
the quadruple TBP-TAF,, complex (13). 

These results suggest that at least two differ- HB-Q and HB-A (Fig. 4A) (10). For these 
ent activation domains interacting with dis- studies, we used a reporter plasmid contain- 
tinct coactivators in the TFIID complex are ing one HB binding site and one BCD bind- 
required for synergistic activation. ing site fused to the hb promoter at position 

To further substantiate our hv~othesis -55 (19). None of the activators alone or in , . . . 
that synergistic activation requires direct in- combination supported synergistic transcrip- 
teraction between multiple activation do- tion in the presence of the triple TBP-TAF,, 
mains and distinct targets in the TFIID com- complexes containing either TAF,,110 or 
plex, we generated hybrid activators that T A F , , ~ ~  (13).   ow ever, a quadruple com- 
consist of the BCD activation domains ( Q  or plex containing both TAF1160 and TAFII1 10 
A)  fused to the heterologous DNA binding mediated strong synergistic activation when 
domain of the Drosophila protein HB to form both BCD- and HB-derived fusion protein 
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/lane 1 )and GST-$D fu- 
sion koteins (lanes 2 to 
7). Proteins were ex- 
pressed in E, coli, coupled to glutathione-resin, separated by SDS-PAGE, and detected by Coomassie blue 
staining. (C) Autoradiogram of protein-protein interaction assays with GST (lane 2) or GST-BCD fusion 
proteins (lanes 3 to 8) coupled to glutathione resin together with 35S-labeled in vitro expressed TAFlll 10. 
Protein complexes were separated by SDS-PAGE and bound TAFs were detected by autoradiography. (D) 
Same as in (C) except that labeled TAF,,GO was used. Input lane (lane 1) represents 25% of the starting 
material used in the reactions. The position of full-length TAFl160 and TAFlll 10 is indicated. 

Fig. 3. (A) Schematic representation of Bicoid A 
activator-proteins. BCD-QA comprises amino ac- 
ids 1 to 351 containing both the glutamine-rich (Q) 
and alanine-rich (A) activation domain. BCD-Q en- 
codes amino acids 1 to 305 and contains the 
Q-domain. BCD-A encodes amino acids 1 to 250 
fused to amino acids 325 to 351 containing the A 
domain. Hd indicates the position of the homeo 
DNA binding domain. (B to D) In vitro transcription 
experiments with the reconstituted Drosophila 
transcription system supplemented with 4 nM of 
either the triple complex TBP-TAFl1250-TAFl160 
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(6) or TBP-TAF,1250-TAFll11 0 (C) or tile quadruple 
complex TBP-TAFl,250-TAFl160-TAFlll 10 (D), us- 
ing the reporter plasmid phbCAT-231X containing 
two BCD DNA sites (B to D). Primer extension was 
used to measure the products of reactions con- 
taining no activator (B to D, lanes 1, 3, and 5) or 5 
ng of BCD-A (B to D, lane 2), 5 ng of BCD-Q (B to 
D, lane 4), or 5 ng of BCD-QA.(B to D, lane 6). 
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containing different activation domains 
were bound to the tem~late simultaneouslv 
(Fig. 4A). No synergism was observed when 
one transactivator was used in combination 
with a truncated partner lacking activation 
domains (13). These results strongly support 
the notion that two different activation do- 
mains, each contacting a different target in 
the TFIID complex, are required for syner- 
gistic transcription. Furthermore, each acti- 
vation domain can transmit its signal to the - 
basal machinery when present in the context 
of heterologous DNA binding domains. 

The requirement for these specific and 
multivalent protein-protein interactions sug- 
gests that a key step in transcriptional syn- 
ergism may be the recruitment of TFIID to 
the template. To address this question, we 
performed deoxyribonuclease I (DNase I) 
footprint protection assays with a DNA tem- 
plate containing two BCD binding sites (A2 
and A3; Fig. 4B) and a single HB binding 
site derived from the hb enhancer ( - 23 1 to 
+ 115) (20). We used the activators at con- 
centrations that ~rotected -90% of the 
DNA binding sites present in the reactions. 
Binding reactions containing both HB-Q 
and BCD-A (Fig. 4B) resulted in efficient 
recruitment of the quadruple TBP-TAF,, 
complex to the template, and occupancy of 

Fig. 4. Diierent activation domains 
synergistically activate transcription in 
concert. (A) Schematic representa- 
tion (upper panel) of HB-BCD hybrid 
proteins comprising the HB zinc fin- 
ger DNA binding domain (HB-fing) 
fused to the glutamine-rich (Q) or the 
alanine-rich (A) activation domain of 
BCD. In vitro transcription reactions 
(lower panel) with the recombinant 
Drosophila transcription system us- 
ing the reporter plasmid pBluehb- 
HBCAT, containing an enhancer ele- 
ment comprising a single BCD and a 
single HB DNA binding site. Primer 
extension was used to measure the 
products from reactions done in the 
absence or presence of different 
combinations of BCD and HB deriva- 
tives. Transcri~tion reactions con- 

the TATA box region could be observed 
even at low concentrations of TFIID. By 
contrast, binding reactions with two activa- 
tors bearing the same activation domain 
failed to recruit the binding of the TBP-TAF 
complex except at the highest concentration 
(Fig. 4B). Thus, the simultaneous interac- 
tion of different activation domains with 
distinct targets of the TFIID complex is nec- 
essary and sufficient to enhance the recruit- 
ment of TFIID to the promoter. 

How multiple enhancer-bound activa- 
tors function in concert to trigger high lev- 
els of transcription lies at the nexus of 
regulatory mechanisms governing gene ex- 
pression in eukaryotes. Recent studies of 
activators and their interaction with com- 
ponents of the basal transcriptional appara- 
tus have established that individual TAFs 
in the TFIID complex can serve as receivers 
of activation signals transmitted by individ- 
ual activators tethered to the DNA tem- 
plate (8). However, it remained unclear 
how two or more activators can integrate 
transcriptional signals to achieve the en- 
hanced levels of synergistic activation ob- 
served in vitro and in vivo. We describe one 
potential role of multiple activation do- 
mains within a single regulatory protein in 
mediating transcriptional synergism when 
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ta~ned 4 nM of the quadruple com- 
plex TBP-TAF,,250-TAF,,60-TAFlll 10 * 
(lanes 1 to 8) and e~ther no actvator 
(lanes 1,3,5, and 7) or 5 ng of each of -170- :-; -; 
the act~vators ~nd~cated (lanes 2, 4, 6, 
and 8) (6) Enhanced b~nd~ng of TBP- 
TAF,, complexes to the hb promoter -200- - - -  
~n the presence of two d~fferent BCD 1 2 3 4 5  - 

- 

activation domains. Autoradiogram of 
DNase I footprinting experiments with 0.2 mol of a radiolabeled fragment de- 
rived from the hb enhancer-promoter region (-231 to + 11 5) as template (1 l), 
containing two BCD DNA binding sites (A2 and A3) and a single HB DNA site. 
Digestions were camed out in the presence of 32 nM (lanes 2,6, and lo), 16 nM 

6 6  
(lanes 3, 7, and 1 1), 4 nM (lanes 4, 8, and 12), 0.8 nM (lanes 5, 9, and 13), or 

t'S 
0.08 nM (lane 14) of the quadruple TBP-TAF,,250-TAF,,60-TAFJ 10 complex and contained either 5 ng of 
BCD-Aand 5 ng of HB-A (lanes 2 to 5) or 5 ng of BCD-Q and 5 ng of HB-Q (lanes 6 to 9) or 5 ng of BCD-Aand 
5 ng of HB-Q (lanes 10 to 14). Digests done with no protein are indicated by M Panes 1 and 15). Rectangles, 
protected regions: and bars, consensus DNA binding sites. 

bound to two or more DNA sites. 
The Drosophila maternal regulator, BCD, 

contains at least two distinct activation do- 
mains ( Q  and A), each responsible for tar- 
geting a different coactivator subunit with- 
in the TFIID complex. Thus, when multiple 
binding sites on template DNA are occu- 
pied by BCD, one molecule of BCD can use 
its Q domain to contact TAFl,l 10 while a 
second molecule can rely on the A domain 
to bind TAFI,60. In this way, a single acti- 
vator bound to multiple sites can simulta- 
neously interact with different targets with- 
in TFIID and direct a wide range of activ- 
ities depending on the number of DNA 
recognition sites, affinity of protein-DNA 
binding, concentration of activators, and 
specificity of activator-coactivator interac- 
tions. This situation is similar to that of 
BCD and HB binding to the hb promoter 
and mediating synergistic activation by vir- 
tue of multi~le activator-coactivator inter- 
actions (8). An analogous situation has 
been reported for synergistic transcription 
directed by A CI and CRP when each con- 
tacts a different subunit of Escherichia coli 
RNA polymerase (21) .  Thus, multiple con- 
tacts between activators and basal tran- 
scription components may represent a gen- 
eral mechanism for achieving high levels of 
transcription by synergism. 
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and protein expression was induced in cultures of 
these bacteria at an absorbance at 600 nm of 0.2 
with 10 p,M isopropyl-p-D-thiogalactopyranoside for 
2 hours. 

18. In vitro transcriptions with recombinant partial 
TBP-TAF complexes were done as described (8, 
12) except that the partial TBP-TAF complexes 
were preincubated with the activator and template 
at 4°C for 5 min before the remaining basal factors 
were added. 

19. In vitro transcriptions were done as described (8, 9, 
12) except that 25 ng of the reporter plasmid 
pBluehb-HBCAT, containing a single HB and BCD 
DNA binding site, were used (8). 

20. DNase I footprinting was done as described (8) r. 
Hoey, B. D. Dynlacht, M. G. Peterson, B. F. Pugh, R. 
Tjian, Celi 61 , 1 179 (1 990)]. As template we used the 

346-bp hb enhancer-promoter fragment (-231 to 
+ 11 5) of phbCAT-231 X (1 1). Template and activator 
(or activators) were preincubated at 20°C for 10 min, 
the partial complexes were added, and the mixture 
was incubated for an additional 10 min at 20°C. 
Digestion was initiated by adding 10 mM MgCI,- 
CaCI, solution (50 p,I) containing DNase 1 (5 bg/ml; 
Boehringer) and proceeded for 20 s. 
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Control of Cell Fate by a Deubiquitinating 
Enzyme Encoded by the fat facets Gene 

Yongzhao Huang, Rohan T. Baker, Janice A. Fischer-Vize* 

Ubiquitin is a highly conserved polypeptide found in all eukaryotes. The major function 
of ubiquitin is to target proteins for complete or partial degradation by a multisubunit 
protein complex called the proteasome. Here, the Drosophila fat facets gene, which is 
required for the appropriate determination of particular cells in the fly eye, was shown to 
encode a ubiquitin-specific protease (Ubp), an enzyme that cleaves ubiquitin from ubiq- 
uitin-protein conjugates. The Fat facets protein (FAF) acts as a regulatory Ubp that 
prevents degradation of its substrate by the proteasome. Flies bearing fat facets gene 
mutations were used to show that a Ubp is cell type-and substrate-specific and a regulator 
of cell fate decisions in a multicellular organism. 

Ubiquitin-mediated protein degradation is 
an important mechanism for regulating di- 
verse cellular functions in all eukaryotes ( I ,  
2). Proteins conjugated to the 76-amino 
acid ubiquitin (Ub) polypeptide are recog- 
nized by the proteasome, a protein degrada- 
tion complex. Many differen't .enzymes are 
required to attach Ub to proteins. Ubiq- 
uitin-specific proteases (Ubps), in contrast, 
deubiquitinate proteins, and their role is 
not as well understood. T h e  Ubps consti- 
tute a large protein family (2-4) that has 
been studied mainly in yeast, where they 
perform a variety of general functions in the 
Ub-mediated degradation pathway. Some 
Ubps generate monomeric ubiquitin, either 
by cleaving polymeric Ub or Ub-protein 
precursors (3-5) or by recycling Ub from 
partially degraded proteins, a process appar- 
ently required to clear the proteasome (6). 
Partly because of the large number of Ubps 
in yeast, it has been thought that Ubps 
could also perform specific regulatory func- 
tions by deubiquitinating proteins before 
they reach the proteasome (2,  4 ,  7). 

T h e  isolation of several yeast Ubps on  
the basis of functional assays has revealed 
that these enzvmes are similar to each 
other primarily in  two small regions, the 
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so-called Cys and His domains, centered 
on  a single cysteine (Cys) and two histi- 
dine (His) residues thought to  ,be. the ac- 
tive site of the protease(4,  8) (Fig. 1A). 
Similar Cys and His domains identify the 
Drosophila Fat facets (FAF) protein as a 
potential Ubp (6)  (Fig. 1A) .  The  FAF 
protein (2691 amino acids long) is re- 
quired in a cell communication pathway 
that negatively regulates neural cell deter- 
mination in the developing compound eye 
(8). T h e  fat facets (faf) gene is specifically 
required for eye development, as faf null 
mutants are viable and have abnormal eye 
morphology (8) .  T h e  most noticeable de- 
fect in faf mutant eyes is the inclusion of 
more than the normal complement of 
eight photoreceptors in each unit eye, or 
facet (8 )  (Fig. 2,  A to H ) .  T h e  appearance 
of these ectooic ohotorece~tors  is caused 
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by the misdetermination of particular cells 
that would not normally become neurons 
(8) .  T h e  only other aberration in faf mu- 
tant flies is that mutant females lay eggs 
that never reach cellularization, an early 
stage of embryogenesis (8). Thus, FAF is 
required in only two tissues of the fly for 
normal development, the ovary and the 
eye; it is necessary during eye development 
for the appropriate cell fate decisions of 
particular cells. W e  conducted a series of 
experiments to determine whether FAF 
indeed functions as a Ubp. 

We first tested whether FAF had Ubp 
activity in a bacterial assay (4,  5) (Table I ) .  
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