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ABSTRACT The transcriptional activity of an in vitro
assembled human interferon-b gene enhanceosome is highly
synergistic. This synergy requires five distinct transcriptional
activator proteins (ATF2yc-JUN, interferon regulatory factor
1, and p50yp65 of NF-kB), the high mobility group protein
HMG I(Y), and the correct alignment of protein-binding sites
on the face of the DNA double helix. Here, we investigate the
mechanisms of enhanceosome-dependent transcriptional syn-
ergy during preinitiation complex assembly in vitro. We show
that the stereospecific assembly of the enhanceosome is crit-
ical for the efficient recruitment of TFIIB into a template-
committed TFIID-TFIIA-USA (upstream stimulatory activity
complex) and for the subsequent recruitment of the RNA
polymerase II holoenzyme complex. In addition, we provide
evidence that recruitment of the holoenzyme by the enhan-
ceosome is due, at least in part, to interactions between the
enhanceosome and the transcriptional coactivator CREB,
cAMP responsive element binding protein (CBP). These stud-
ies reveal a unique role of enhanceosomes in the cooperative
assembly of the transcription machinery on the human inter-
feron-b promoter.

Complex patterns of gene expression are achieved with a
relatively small number of transcription factors, due primarily
to the combinatorial organization of transcriptional enhancers
and promoters (1). Most natural enhancers consist of DNA-
binding sites for multiple, distinct transcription factors. Thus,
the number and arrangement of these sites, and the presence
or absence of the corresponding transcription factors, deter-
mine the selective and synergistic activation of genes in
response to extracellular signals or developmental queues. An
additional level of complexity and specificity in enhancer
function can be provided by the assembly of a three-
dimensional nucleoprotein complex (enhanceosome) consist-
ing of transcriptional activators and one or more architectural
proteins (1, 2). Interactions between transcriptional activator
proteins and the transcriptional machinery have been studied
almost exclusively with simple synthetic promoters containing
multiple copies of transcription activator-binding sites. By
comparison, relatively little is known about the mechanisms by
which complex multi-component transcriptional enhancers
synergistically activate transcription.

An excellent model for studying complex enhancers is
provided by the virus-inducible enhancer of the human inter-
feron-b (IFN-b) gene (3). Recently, we assembled a functional
IFN-b enhanceosome by using the purified recombinant tran-
scriptional activator proteins ATF2yc-JUN, interferon regu-
latory factor 1 (IRF1), and p50yp65 of NF-kB (4). Under
conditions in which the transcriptional activator proteins were
limiting, the assembly of the enhanceosome on the wild-type
(WT) IFN-b enhancer was highly cooperative, and this assem-

bly required the presence of the high mobility group protein
HMG I(Y), an architectural protein. Once assembled, the
enhanceosome was extraordinarily stable. Cooperative assem-
bly and enhanced stability of the enhanceosome were not
observed when the enhancer contained insertions of a half-
helical turn of DNA, which alters the relative positions of
protein-binding sites on the face of the DNA double helix (4).

The assembly of the IFN-b enhanceosome with purified
recombinant proteins provides a unique opportunity to inves-
tigate the detailed mechanisms of transcriptional synergy. In
this paper, we use in vitro transcription and protein recruitment
assays with immobilized DNA templates to analyze the mech-
anisms of enhanceosome-dependent transcriptional synergy.
We find that the enhanceosome facilitates transcription factor
(TF)IIB recruitment into a template-committed TFIID-
TFIIA-USA (upstream stimulatory activity) complex and re-
cruits purified RNA polymerase II holoenzyme complex to the
promoter through contacts with CREB [cAMP responsive
element binding protein] binding protein (CBP). Maximal
levels of enhanceosome-dependent recruitment of RNA poly-
merase II initiation complexes require the correct alignment of
enhancer-binding factors on the face of the DNA double helix.

MATERIALS AND METHODS

Purification of Basal and IFN-b Enhanceosome Factors.
Basal transcription factors TFIIA, TFIIEyFyH and USA were
fractionated from a HeLa cell nuclear extract (NE) by phos-
phocellulose (P11) chromatography and purified as described
(5). RNA polymerase II was purified from HeLa nuclear
pellets as described (5, 6). Flag-tagged TFIID was purified by
affinity chromatography from stably transfected HeLa cells
(6). Recombinant TATA box-binding protein (TBP) and
TFIIB were expressed as a hexahistidine-tagged protein in
bacteria and were purified by nickel affinity chromatography
(7, 8). To purify RNA polymerase II holoenzyme, a HeLa cell
NE was fractionated by a P11 column and eluted with 300–500
mM KCl, followed by a DEAE-cellulose (DE52) column.
Fractions were collected and analyzed for RNA polymerase II
and CBP by immunoblotting assays. The fraction enriched with
both proteins (eluted with '300 mM KCl from DE52) was
used for affinity chromatography with an anti-RAP74 anti-
body and eluted with 800 mM KCl as described (9). CBP-RNA
polymerase II complexes were further affinity purified by
antibodies against CBP. A HeLa cell NE was depleted of TBP
and TFIIB, respectively, with a mild heat treatment and with
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an anti-TFIIB antibody (10). IFN-b enhanceosome factors
(ATF2, c-JUN, HMG I(Y), IRF1, p50, and p65) containing a
hexahistidine were purified from bacterial cell lysates by nickel
affinity chromatography as described (4).

In Vitro Transcription and Protein Recruitment Assays.
Immobilized DNA templates were prepared as described (10)
with dyna-magnetic beads M-280 (11). Briefly, DNA frag-
ments containing IFN-b enhancer plus TATA-promoter re-
gions were isolated from 2110 IFN-b-chloramphenicol acetyl
transferase and attached to streptavidin-conjugated dyna-
beads via a biotin moiety. After incubation with the assembled
enhanceosome followed by appropriate transcription compo-
nents, the beads were pelleted and extensively washed with
transcription buffer containing no nucleoside triphosphates
(NTPs). For transcription assays, washed beads were incu-
bated in transcription buffer with NTPs and indicated protein
components, and then transcripts were analyzed by a primer
extension assay (4). Recruitment of factors on purified pro-
moter complexes was determined by immunoblotting assays
with specific antibodies (10).

RESULTS

The IFN-b Enhanceosome Is Required for the Efficient
Recruitment of TFIIB into the Preinitiation Complex. To
analyze the effect of the in vitro assembled IFN-b enhanceo-
some on preinitiation complex (PIC) assembly, we carried out
in vitro transcription experiments with biotinylated DNA tem-
plates immobilized on streptavidin magnetic beads (10–12).
Immobilized DNA containing the intact 2110 IFN-b gene
enhancerypromoter was incubated in a HeLa cell NE in the
presence or absence of purified enhanceosome components
(ATF2, c-JUN, IRF1, HMG I(Y), p50, and p65) (4). The
assembled complexes then were extensively washed to remove
unbound factors and tested for transcriptional activity by using
a primer extension assay. As shown in Fig. 1A, when the
immobilized DNA was preincubated in a HeLa cell NE in the
absence of enhanceosome components, only a low level of
basal transcription was observed (lanes 1 and 2). Addition of
enhanceosome components after the promoter complexes
were washed on beads did not rescue the transcriptional
activity (lane 2). By contrast, when the enhanceosome com-
ponents were present during the preincubation period, a high
level of transcription was observed (lanes 3 and 4), but this
transcription was not further increased by the subsequent
addition of enhanceosome components after washing (lane 4).
Thus, the IFN-b enhanceosome acts during PIC assembly.

To identify the steps in PIC assembly that require the IFN-b
enhanceosome, in vitro transcription reactions were carried out
with an immobilized IFN-b DNA template in untreated NE or
in NE depleted of TBP andyor TFIIB (Fig. 1B). TBP was
inactivated by a mild heat treatment, whereas TFIIB was
depleted by using an anti-TFIIB antibody (10). When the
IFN-b promoter was preincubated in an untreated HeLa cell
NE in the absence of the enhanceosome, washed, and then
incubated with the enhanceosome in the presence of a TBP-
depleted NE (2TBP NE), a high level of transcription was
observed (lane 3). The level of activated transcription was
indistinguishable from that observed when the promoter was
preincubated in a HeLa cell NE in the presence of enhanceo-
some components (lane 3 vs. 2). This result suggests that TBP
can bind to the promoter during the preincubation step, even
in the absence of the IFN-b enhanceosome. Thus, at least in
vitro, TBP recruitment is not limiting for enhanceosome-
dependent transcriptional synergy.

When the in vitro transcription reaction was carried out with
the IFN-b enhanceosome in the presence of extracts in which
both TBP and TFIIB were depleted (2TBPy2IIB NE), acti-
vated transcription (lane 3) was reduced to the basal level (lane
4). However, high levels of transcription could be reconstituted

by the addition of purified TFIIB recombinant protein (lane 5).
Thus, TFIIB, but not TBP, recruitment can be facilitated by
the IFN-b enhanceosome in vitro.

Further evidence for this conclusion was provided by de-
termining the levels of TBP and TFIIB recruited to DNA by
the IFN-b enhanceosome (Fig. 1B). The amounts of TBP or
TFIIB bound to the promoter were directly measured by
immunoblotting assays after washing the promoter complexes
assembled in the absence or presence of the enhanceosome
(lanes 1 and 2). When the 2110 IFN-b promoter was incubated
in an NE containing both TBP and TFIIB in the absence of the
enhanceosome (lane 1), only a basal level of transcription was
observed (Fig 1B, Top) and TBP, but not TFIIB, was detected
in the promoter complexes in the immunoblots (Fig 1B,
Bottom). By contrast, when the enhanceosome components
were present during the preincubation in NE, high levels of
both activated transcription and recruited TFIIB were ob-
served (lane 2). However, the level of TBP bound to the
promoter was the same regardless of the presence of the IFN-b
enhanceosome (cf. lanes 1 and 2). Thus, consistent with
experiments with TBPyTFIIB-depleted extracts, the IFN-b
enhanceosome is required for the recruitment of TFIIB into
the PIC.

FIG. 1. The IFN-b enhanceosome facilitates the recruitment of
TFIIB during preinitiation complex assembly. (A and B) A HeLa NE
was incubated with immobilized DNA templates in the absence or
presence of the IFN-b enhanceosome, which was assembled by using
purified recombinant proteins ATF2yc-JUN, IRF1, p50yp65 of NF-
kB, and HMG I(Y). Promoter complexes were purified by washing and
analyzed for transcription in the presence of NTPs and the enhan-
ceosome components as indicated above each lane. (B) Factors added
to the reaction after the washing step are indicated immediately above
the autoradiogram. 2TBE NE: An NE in which TBP was inactivated
with a mild heat treatment. 2TBPyIIB NE: An NE in which TBP was
inactivated with a mild heat treatment, and TFIIB was depleted with
an anti-TFIIB antibody. 2TBPy2IIB NE 1 IIB: purified recombinant
TFIIB (IIB) protein was added to an NE lacking TBP and TFIIB. The
amounts of template-bound TBP and TFIIB were determined by
immunoblotting assays after washing promoter complexes (bottom).

12192 Biochemistry: Kim et al. Proc. Natl. Acad. Sci. USA 95 (1998)



A Helical Phasing Mutation in the IFN-b Enhancer Inter-
feres with the Enhanceosome-Dependent Recruitment of
TFIIB. To determine whether the stereospecific assembly of
the IFN-b enhanceosome is required for the assembly of
TFIIB into the PIC, we examined the effect of a helical phasing
mutation on TFIIB recruitment. This helical phasing mutant
DNA (PRDIyII 6) has a half helical turn (6 bp) of DNA
inserted between PRDI and PRDII in the IFN-b enhancer.
This mutation was previously shown to significantly decrease
transcriptional synergy of the IFN-b gene promoter both in
vivo (13) and in vitro (ref. 4; also see Fig. 3). As shown in Fig.
2A, the amount of TBP bound to the promoter was unaffected
by the presence or absence of the WT or mutant (PRDIyII 6)
enhancer (lanes 1–8). In contrast, the amount of TFIIB
recruited to the promoter with the WT IFN-b enhancer was
significantly greater than that observed with the enhanceo-
some assembled on DNA containing the PRDIyII helical
phasing mutation (cf. lanes 4 and 8). We note that this
difference in the level of TFIIB recruitment was observed with
NEs (lane 4 vs. 8) but not with purified TBP and TFIIB (TB)
proteins (lane 2 vs. 6). Thus, the correct positioning of
enhancer-binding factors on the face of the DNA helix is
required for high levels of TFIIB recruitment, but additional
factors present in the NE are necessary for efficient TFIIB
recruitment.

TFIID, TFIIA, and USA Are Required for Maximal Levels
of TFIIB Recruitment. To identify the factors required for high
levels of TFIIB recruitment by the IFN-b enhanceosome,
specific sets of purified basal transcription factors were incu-
bated with the immobilized DNA templates in the absence or
presence of the WT IFN-b enhanceosome (Fig. 2B). Incuba-
tion in the presence of TFIID, TFIIA, TFIIB, and USA
resulted in high levels of TFIIB recruitment (lane 16). How-
ever, this high level of recruitment was not detected when any
one of the components tested (TFIID, TFIIA, TFIIB, and
USA) was left out of the reaction mixture (lanes 1–14). Thus,
at least three separate basal (co)factors (TFIID, TFIIA, and
USA) are required for high levels of TFIIB recruitment into

the PIC by the IFN-b enhanceosome. The involvement of
multiple factors suggests that cooperative assembly of the PIC
is important for synergistic transcriptional activation by the
enhanceosome (4).

The cooperative assembly of TFIIB into the TFIID-TFIIA-
USA-promoter complex requires the WT enhanceosome be-
cause the level of TFIIB recruitment was significantly less
when the enhanceosome was assembled on the IFN-b pro-
moter containing the PRDIyII 6 helical phasing mutation
(e.g., WT vs. PRDIyII 6 in lane 16). These results are
consistent with previous observations showing that the WT,
but not mutant IFN-b, enhanceosome promotes the highly
cooperative assembly of a stable TFIID-TFIIA-TFIIB-USA
complex, which is resistant to disruption by sarkosyl detergent
(4).

The IFN-b Enhanceosome Efficiently Recruits CBP, RNA
Polymerase II, and other PIC Components to the Promoter.
Next, we determined the effects of the enhanceosome on the
assembly of PIC components subsequent to the binding of
TFIIB. Immobilized templates were incubated with HeLa cell
NEs in the absence or presence of the WT or mutant (PRDIyII
6) enhanceosomes (Fig. 3). As expected, assembly of a WT
IFN-b enhanceosome resulted in high levels of in vitro tran-
scription, compared with those observed with the enhanceo-
some assembled on the PRDIyII 6 DNA (Fig. 3A). In addition,
TFIIB was more efficiently recruited to the IFN-b promoter by
the WT enhanceosome compared with the PRDIyII 6 enhan-
ceosome (Fig. 3B), consistent with results in Fig. 2. Under
these conditions, the levels of TFIIE and RNA polymerase II
recruited to the IFN-b promoter by the PRDIyII 6 enhanceo-
some were too low to be detected in our immunoblots (Fig. 3B;
data not shown). By contrast, the presence of the WT enhan-
ceosome dramatically increased the levels of both TFIIE and
RNA polymerase II recruited to the IFN-b promoter (lane 4).
Thus, as with TFIIB, the stereospecific assembly of the en-
hanceosome is required for the efficient recruitment of down-
stream PIC components such as TFIIE and RNA polymerase
II.

FIG. 2. High levels of TFIIB recruitment require both the stereospecific assembly of the IFN-b enhanceosome and the template-committed
TFIID-TFIIA-USA complex. (A and B) The IFN-b enhanceosome was assembled in vitro with purified recombinant proteins ATF2yc-JUN, IRF1,
p50yp65 of NF-kB, and HMG I(Y). The amounts of template-bound TBP and TFIIB (IIB) were determined by immunoblotting assays after isolating
promoter complexes and washing. (A) HeLa NE and TBPyTFIIB proteins (TB) were incubated with immobilized templates by using WT and helical
phasing mutant (PRDIyII 6) IFN-b enhancer DNAs in the absence or presence of the enhanceosome. (B) Specific sets of general transcription
factors as indicated were incubated with immobilized templates by using WT and helical phasing mutant (PRDIyII 6) IFN-b enhancer DNAs in
the absence or presence of the enhanceosome. T, TBP; B, TFIIB; A, TFIIA; USA, upstream stimulatory activity; D, TFIID; EFH, TFIIE, TFIIF
and TFIIH; POLII, RNA polymerase II.
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The transcriptional coactivator CBP interacts with and
promotes the activity of many transcription factors (14). In
addition, CBP has been implicated in the synergistic activation
of transcription by the IFN-b enhanceosome (15, 16). Thus, we
examined the PIC complexes assembled in the presence of the
WT enhanceosome for the presence of CBP (Fig. 3B). We
found that, like TFIIE and RNA polymerase II, CBP was
efficiently recruited to the IFN-b promoter. By contrast, CBP
was not detected in complexes assembled with the mutant
(PRDIyII 6) enhanceosome (cf. lanes 2 and 4). Thus, the
presence of CBP is not sufficient for high levels of transcription
because specific interactions between the enhanceosome and
CBP are required for efficient CBP recruitment and transcrip-
tional synergy.

Role of CBP-Enhanceosome Interactions in the Recruit-
ment of RNA Polymerase II Holoenzyme. Previous studies
have shown that yeast and human RNA polymerase II can be
isolated as a high molecular weight complex containing gen-
eral transcription factors and other components of the PIC
(17). This RNA polymerase II holoenzyme also contains CBP
(18, 19). We therefore carried out experiments to test the
possibility that interactions between the enhanceosome and
CBP are required for the recruitment of the holoenzyme to the
IFN-b promoter. To this end, we purified an RNA polymerase
II holoenzyme containing CBP (9) and carried out experi-
ments to determine whether an antibody against the N termi-
nus of CBP can interfere with the enhanceosome-dependent
recruitment of the holoenzyme (Fig. 4). Previous studies have
shown that the N terminus of CBP can interact with IFN-b
enhanceosome components including c-JUN, IRF1, and p65
(16, 20–22). Purified RNA polymerase II holoenzyme was
incubated with TFIID, TFIIA, TFIIB, and USA in the absence
or presence of the enhanceosome with increasing amounts of
the anti-CBP antibody (Fig. 4). As shown in Fig. 4A, addition
of the anti-CBP antibody inhibited enhanceosome-mediated
activation of the IFN-b promoter but had no effect on the basal
level of transcription (lanes 1–3 vs. 4–6). A concomitant
decrease in the level of CBP recruitment was observed as the
amount of anti-CBP antibody was increased (Fig. 4B, lanes
4–6). We also observed decreased levels of enhanceosome-

dependent recruitment of other components of the RNA
polymerase II holoenzyme, including TFIIE, RNA polymerase
II, and SRB7 (23). In sharp contrast, the levels of TFIIB and
TBP were not significantly affected by the addition of the
anti-CBP antibody (Fig. 4B). These data indicate that specific
interactions between CBP and the IFN-b enhanceosome are
required for efficient recruitment of the RNA polymerase II
holoenzyme by the enhanceosome.

DISCUSSION

Recruitment of TFIIB into the TFIID-TFIIA-USA Complex
by the Enhanceosome. In a previous study, we showed that
IFN-b enhanceosome-dependent transcriptional activity in
vitro requires the basal transcription factors TFIID, TFIIA,
and TFIIB and the cofactor USA (4). Analysis of enhanceo-
some stability in vitro by using sarkosyl inhibition or DNA
competition experiments suggested that cooperative interac-
tions between the IFN-b enhanceosome and the PIC led to the
mutual stabilization of those two complexes (4).

Here, we use an immobilized DNA template assay to show
that TBP binds to the IFN-b promoter in the absence or
presence of the WT enhanceosome, whereas efficient recruit-
ment of TFIIB requires the WT enhanceosome (Figs. 1 and 2).
Efficient recruitment of TFIIB was not observed when the
enhanceosome was assembled on an enhancer containing a
helical phasing mutation (Fig. 2). Thus the presence of en-

FIG. 3. The IFN-b enhanceosome recruits high levels of TFIIE,
RNA polymerase II, and CBP. (A and B) A HeLa NE was incubated
with immobilized templates by using WT and helical phasing mutant
(PRDIyII 6) IFN-b enhancer DNAs in the absence or presence of the
enhanceosome. IFN-b enhanceosome was assembled by using purified
recombinant proteins ATF2yc-JUN, IRF1, p50yp65 of NF-kB, and
HMG I(Y). (A) Promoter complexes were purified by washing and
analyzed for transcription in the presence of NTPs. (B) The amounts
of template-bound factors TBP, TFIIB (IIB), TFIIEa (IIE), RNA
polymerase II (POL II), and CBP were determined by immunoblotting
assays after washing promoter complexes.

FIG. 4. Enhanceosome-CBP interactions are required for the
efficient recruitment of the RNA polymerase II holoenzyme to the
preinitiation complex. (A and B) Immobilized IFN-b enhancer DNA
template was incubated with TFIID, TFIIA, TFIIB, USA and RNA
polymerase II holoenzyme in the absence or presence of an IFN-b
enhanceosome assembled by using purified recombinant proteins
ATF2yc-JUN, IRF1, p50yp65 of NF-kB and HMG I(Y). Increasing
amounts of the anti-CBP antibody (a CBP) were preincubated with the
RNA polymerase II holoenzyme before mixing with all the other
components. (A) Promoter complexes were purified and analyzed for
transcription in the presence of NTPs. (B) The amounts of template-
bound factors TBP, TFIIB (IIB), CBP, TFIIEa (IIE), RNA polymer-
ase II (POL II), and SRB7 were determined by immunoblotting assays
after washing promoter complexes.
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hanceosome components is not sufficient for cooperative
TFIIB recruitment; these components must be assembled into
a stereospecific complex.

Results obtained with the natural IFN-b enhancer are
strikingly different from those obtained with artificial promot-
ers containing one or more GAL4-binding sites. In both cases,
TBP stably associates with the promoter in the presence or
absence of activators, but the recruitment of TFIIB requires
the presence of activators (Figs. 1 and 2; also see refs. 10–12).
However, a different result was obtained with the artificial
promoters when activator cooperativity was analyzed. With the
artificial promoter, an increase in the number of GAL4-
binding sites resulted in a cooperative increase in TFIIE
recruitment but very little increase in the recruitment of TFIIB
(11). By contrast, with the IFN-b promoter, a direct correla-
tion was observed between transcriptional synergy and the
efficient recruitment of TFIIB, as well as TFIIE and other
components of the RNA polymerase II holoenzyme (Figs.
2–4). Consistent with our earlier enhanceosome-dependent
transcription studies (4), we find that the enhanceosome
requires TFIID, TFIIA, and USA factors for high levels of
TFIIB recruitment, whereas TBP itself is sufficient for TFIIB
recruitment by GAL4 fusion protein activators (Fig. 2; data
not shown; ref. 11). This difference may be a consequence of
the highly cooperative interactions between the enhanceosome
and the TFIID-TFIIA-TFIIB-USA complex in the intact
IFN-b promoter (4). These cooperative interactions can be
further facilitated by interactions with the RNA polymerase II
holoenzyme (Figs. 3 and 4).

Role of CBP in Enhanceosome-Dependent Recruitment of
the RNA Polymerase II Holoenzyme. In this paper, we show
that the IFN-b enhanceosome efficiently recruits TFIIE, RNA
polymerase II, and CBP to the promoter and that the ste-
reospecific alignment of transcription factor-binding sites is
required for this cooperative recruitment (Fig. 3). The impor-
tance of the enhanceosome-CBP interactions was evidenced by
the observation that an anti-CBP antibody inhibited the syn-
ergistic transcriptional activation by the IFN-b enhanceosome
but had no effect on the basal level of transcription (Fig. 4).
Moreover, the presence of this antibody had no effect on the
amounts of TBP and TFIIB bound to the promoter but
dramatically inhibited the recruitment of holoenzyme compo-
nents such as TFIIE, RNA polymerase II, SRB7, and CBP.
Thus, two apparently separable steps in the PIC assembly
process are critical for transcriptional synergy of the IFN-b
enhanceosome in vitro. One is the assembly of the TFIID-
TFIIA-TFIIB-USA complex, and the other is the recruitment
of the RNA polymerase II holoenzyme complex. The latter
step involves, at least in part, direct interactions between CBP
and the enhanceosome. Of course, it is likely that the IFN-b
enhanceosome also interacts with other components of the
RNA polymerase II holoenzyme. The fact that we were unable
to completely inhibit enhanceosome-dependent transcription
is consistent with this possibility (Fig. 4; data not shown).

Our studies reveal a critical and unique role of the enhan-
ceosome for the cooperative recruitment of RNA polymerase
II complexes. This stereospecific requirement of enhanceo-
some-dependent transcriptional synergy is consistent with the
idea that the WT enhanceosome presents a specific three-
dimensional activation surface that optimally interacts with the
components of PIC including TFIIB and CBP (Figs. 2–4; also
see refs. 4, 15). Cotransfection studies show that CBP can
promote enhanceosome-dependent transcriptional synergy
and that this synergy requires the correct positioning of
transcription factors on enhancer DNA (15). Alterations in the
order of the activation domains within the enhancer complex
abrogated CBP-dependent transcriptional synergy. Taken al-
together, the previous in vivo experiments and the in vitro
studies presented here are consistent with the view that the
precise alignment of contacts within the enhanceosome in

three-dimensional space is required for high levels of tran-
scriptional synergy.

Additional Effects of Virus-Inducible Phosphorylation of
Enhanceosome Components. The results presented here
clearly demonstrate the importance of enhanceosome struc-
ture in transcriptional synergy, and they reveal new insights
into the detailed mechanisms involved in this process with
complex enhancers. Future studies are required to determine
the role of virus-inducible protein modifications on enhanceo-
some function. For example, it is known that phosphorylation
of the p65 subunit of NF-kB (24), ATF2 (25), and c-JUN (26)
is required for efficient binding of these proteins to CBP. In
addition, although IRF1 can synergize with other components
of the IFN-b enhanceosome both in vivo and in vitro (4, 13, 15),
recent studies have implicated other members of the IRF
family in the virus induction of the IFN-b gene in vivo (16,
27–30). Specifically, virus infection results in the phosphory-
lation of IRF3 and IRF7 and their association with CBPyp300.

In vitro chromatin precipitation experiments revealed that
IRF3 and IRF7, but not IRF1, associate with the endogenous
IFN-b promoter in vivo upon virus infection (16). Thus,
although IRF1 appears to be functionally interchangeable with
IRF3 and IRF7 in transfection (13, 15) and in vitro transcrip-
tion (4) assays, IRF3 and IRF7 proteins associate with the
endogenous IFN-b promoter in vivo. However, the IRF family
proteins are highly conserved, IRF1 binds specifically to the
IFN-b promoter, and IRF1 synergizes with other IFN-b en-
hanceosome components. Thus, it seems likely that the basic
mechanisms of transcriptional synergy revealed by studies of
the IRF1 enhanceosome accurately reflect general mecha-
nisms involved in enhanceosome-dependent synergy. We note,
however, that the stronger interactions between enhanceo-
some components and CBP, mediated by the phosphorylation
of transcriptional activator proteins upon virus infection, are
likely to substantially increase the level of transcriptional
synergy. Thus, the level of synergy observed with the IRF1
enhanceosome is likely to be a minimum estimate of the
synergy achieved with IRF3 and IRF7.
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