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Two coordinate forms of transcriptional synergy mediate eukaryotic gene regulation: the greater-than-
additive transcriptional response to multiple promoter-bound activators, and the sigmoidal response to
increasing activator concentration. The mechanism underlying the sigmoidal response has not been elucidated
but is almost certainly founded on the cooperative binding of activators and the general machinery to DNA.
Here we explore that mechanism by using highly purified transcription factor preparations and a strong
Epstein-Barr virus promoter, BHLF-1, regulated by the virally encoded activator ZEBRA. We demonstrate that
two layers of cooperative binding govern transcription complex assembly. First, the architectural proteins
HMG-1 and -2 mediate cooperative formation of an enhanceosome containing ZEBRA and cellular Sp1. This
enhanceosome then recruits transcription factor IIA (TFIIA) and TFIID to the promoter to form the DA
complex. The DA complex, however, stimulates assembly of the enhanceosome itself such that the entire
reaction can occur in a highly concerted manner. The data reveal the importance of reciprocal cooperative
interactions among activators and the general machinery in eukaryotic gene regulation.

The assembly of an RNA polymerase II (pol II) transcrip-
tion complex involves a sophisticated network of interactions
between multiple upstream activators and the general tran-
scription machinery. Biochemical experiments have suggested
that the complex assembles in two phases. First, activators bind
either to naked DNA or to chromatin templates and assemble
into a nucleoprotein complex termed an enhanceosome (7,
23). The enhanceosome then recruits the general transcription
machinery either in discrete steps or in the form of a pol
II-containing holoenzyme (7, 21, 55, 57). It has been proposed
by us and others that the formation of the enhanceosome and
the recruitment of the general machinery may occur in a con-
certed reaction, although details regarding the mechanism re-
main unclear (38). Here we recreate the concerted assembly of
a transcription complex in vitro and explain how multiple lay-
ers of cooperativity provide a sensitive switch for activating a
gene. We further discuss the complicated interrelationship be-
tween synergy and cooperativity.

The dynamic nature of gene regulation in mammalian cells
requires that preinitiation complexes assemble rapidly, over
small increases in activator concentration, and that they re-
spond to and integrate signals from diverse stimuli. To achieve
such regulation, the cell employs the principles of cooperativity
and synergy. The promoter of a gene is arranged to allow the
cooperative binding of multiple activators to DNA, while the
general transcription machinery, in turn, is designed to be
recruited by and respond synergistically to multiple activators.
The requirement for multiple activators allows the cell to link
related signaling pathways and control thousands of genes by
using small combinations of activators. This phenomenon is
often referred to as combinatorial control (7).

It is believed that the activation surface generated by the
activators constituting the enhanceosome is complementary to

a surface on coactivators and the general machinery (46). The
multiple, complementary interactions are thought to be addi-
tive, which from an energetic standpoint should lead to an
exponential increase in affinity of the general machinery for the
enhanceosome versus any of its individual activators (7, 34, 46,
65). This exponential increase in affinity is the basis for the
synergistic transcriptional effect of multiple activators.

The beta interferon (IFN-b) enhancer, for example, employs
NF-kB, IRF-3, Jun, and ATF-1 to respond to viral infection
(34, 46, 63). While each of the factors is keyed into multiple
signaling pathways, it is the modest increase in concentration
of each activator that leads to cooperative DNA binding and
enhanceosome assembly upon viral infection. The activators
present within the enhanceosome then synergistically activate
transcription. It is important to realize that the synergistic
response to multiple activators is not a result of cooperative
DNA binding; it is a consequence of multiple activators inter-
acting with the general machinery. However, as we will discuss
throughout this paper, the sigmoidal response of the gene to
increasing activator concentrations is due to cooperative bind-
ing. This cooperative binding has two components, which can
be isolated biochemically and studied. The first component is
cooperative assembly of the enhanceosome, and the second is
reciprocal cooperative binding between the enhanceosome and
the general machinery.

The assembly of an enhanceosome requires specific posi-
tioning of activators on the DNA surface. In many contexts,
interactions among these bound activators require DNA bend-
ing and twisting. Such distortions require significant energetic
input when occurring within the DNA persistence length (2,
56, 64). This energetic requirement, however, can be overcome
with the assistance of DNA architectural proteins that can
absorb the energetic cost. The IFN-b and the T-cell receptor
alpha-chain (TCR-a) enhanceosomes both employ architec-
tural proteins to mediate cooperative binding of activators.
These architectural proteins include LEF-1 or its homologue
TCF-1 (in the case of the TCR-a enhancer) and HMG-I (in
the case of the IFN-b enhancer).
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LEF-1 and HMG-I are both members of the high mobility
group (HMG) of chromatin-associated proteins. LEF-1 is a
member of the HMG-1,2 class, whereas HMG-I is a member
of the HMG-I(Y) class (66). The two classes employ different
DNA binding motifs to recognize and bend DNA. HMG-1 and
-2 bind DNA nonspecifically (6, 24), and the resulting bend can
have global effects on activator binding and enhancer activity.
The yeast HMG-1 and -2 homologues NHP6A and -B, for
example, affect activated transcription at a variety of yeast
genes (53), while HMG-1 has been shown to affect both p53
and homeodomain DNA binding and transactivation (29, 67).

In attempting to understand the role of cooperativity in gene
regulation, and how an enhanceosome functions to recruit the
general transcription machinery, we began to study the Ep-
stein-Barr virus (EBV) transactivator ZEBRA. Several lytic
promoters have been shown to possess ZEBRA-dependent
enhancer activity (33, 41, 59). Furthermore, ZEBRA partici-
pates in differential transcription of almost three dozen genes
involved in the EBV lytic cycle. The wide range of transcrip-
tional responses elicited by the lytic promoters represents an
opportunity to understand how a single activator controls a
regulatory hierarchy.

Our initial studies focused on model systems composed of
multimerized ZEBRA sites positioned upstream of well-char-
acterized core promoters. This system provided basic informa-
tion on the mechanism of transcription complex assembly and
how multiple activators elicited synergistic effects on transcrip-
tion. We found, using the model system, that ZEBRA stimu-
lates transcription synergistically as a function of the number
of sites under conditions in which the ZEBRA sites were
saturated. This result implied that the synergistic effect of sites
was not due to cooperative binding of the activators to DNA.
It was also shown that the amount of transcription in the model
systems correlated with transcription complex assembly, as
measured in open complex assays, and that the synergy was
first manifested during recruitment of TFIID and TFIIA to the
core promoter (8, 13, 14).

The model system allowed us to further explore how up-
stream activators communicate with the general machinery. By
varying the affinity of the upstream promoter sites for ZEBRA
and the affinity of the core promoter for TFIID and TFIIA, we
were able to obtain evidence for what we will refer to as
reciprocal cooperativity. The reciprocal cooperativity was man-
ifested as the ability of strong core promoters to compensate
for low-affinity ZEBRA sites and for high-affinity ZEBRA sites
to compensate for weak core promoters in transcription assays.
The data implied that the general machinery could facilitate
cooperative binding of ZEBRA (38), an observation that might
explain why genes are activated in a sigmoidal fashion.

In an effort to link the concepts of enhanceosome formation
and reciprocal cooperativity, we began studying transcription
complex assembly on natural ZEBRA-responsive templates.
Natural templates, as opposed to model systems, are more
likely to require architectural proteins for activator binding.
Furthermore, the distribution and affinity of the sites may be
designed to facilitate cooperative interactions. We provide bio-
chemical evidence that the sigmoidal transcriptional response
of a natural EBV gene to ZEBRA involves two layers of
cooperativity: (i) cooperative assembly of an enhanceosome-
like complex mediated by the architectural proteins HMG-1
and -2 and the cellular factor Sp1 and (ii) reciprocal cooper-
ative interactions between the enhanceosome and the tran-
scription factor IID (TFIID)-TFIIA (DA) complex which lead
to concerted transcription complex assembly. We also present
our initial efforts to study recruitment of the RNA pol II
holoenzyme by the enhanceosome-stimulated DA complex.

MATERIALS AND METHODS

Transcription factor purification. Purification of recombinant ZEBRA, re-
combinant TFIIA, and HeLa cell hemagglutinin (HA) epitope-tagged TFIID
from the HeLa cell line LTRa3 were described previously (12). Recombinant
human Sp1 was purchased from Promega. HMG-1 and -2 proteins were purified
from calf thymus as previously described (20, 54). The mammalian RNA pol II
holoenzyme was purified by affinity chromatography using glutathione S-trans-
ferase (GST)-VP16 (28a). Briefly, GST-VP16 was bound to glutathione-agarose
beads at 4°C in binding buffer (20 mM HEPES [pH 7.9], 50 mM ZnCl2, 0.05%
Nonidet P-40, 0.5 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, 0.5
mM benzamidine) containing 50 mM KCl. HeLa nuclear extracts prepared as
previously described (16) were incubated with the immobilized GST-VP16 for
1 h at 4°C, washed, and eluted in binding buffer containing 0.225 M KCl. The
eluate was subjected to a second round of affinity chromatography and used in
the experiments represented in Fig. 5. To ensure the integrity of the complex, the
resulting eluate was subjected to Sepharose 4B and Superose 6 gel filtration
chromatography. All of the general factors except TFIIA and TFIID copurified
(28a). As an additional test of integrity, the complex was incubated with HA-
tagged recombinant TFIIB and subjected to Superose 6 gel filtration. The HA-
tagged TFIIB, although functional in vitro, did not exchange with the wild-type
TFIIB present in the complex (data not shown).

Cloning of BHLF-1 promoter and BHLF-1 promoter mutants. PCR was used
to amplify a fragment from 2990 to 190 of the EBV BHLF-1 promoter from
pBamW2 YFSal G, which contained a segment of the B95-8 EBV genome
spanning kbp 40 to 61 (62). The primers used in the amplification reaction were
HL1K (59-GGGGGATCCGATGAAACAGGCAACTC-39) and HLPE (59-GA
CCCCGCGCCACCCGCTTCAT-39). The DNA fragment was end repaired with
Klenow fragment to remove the TA overhang and then subcloned into the HincII
site of the Promega pGEM3 plasmid polylinker. The start site of transcription
was oriented facing the pGEM3 T7 promoter.

A PCR-based mutagenesis technique was used to alter the ZEBRA and Sp1
binding sites in pHLGEM to establish their physiological relevance (37). ZE-
BRA sites located at 277 (59-TGTGTAA-39), 296 (59-TGAGCAA-39), 2135
(59-TGTGTCA-39), and 2168 (59-TGTGTCA-39) were changed to BsrG1, BclI,
StuI, and MscI sites to generate HLD1ZpGEM, HLD2ZpGEM, HLD3ZpGEM,
and HLD4ZpGEM, respectively. The Sp1 sites at 2312 (59-GGGCGG-39) and
2389 (59-GGGCGG-39) were also mutated to ApaI and SacII sites to generate
HLD1Sp-1pGEM and HLD2Sp-1pGEM, respectively.

Pairwise binding site mutants were generated by performing a second round of
mutagenesis. A primer termed HLdown was designed containing a SacI restric-
tion site (59-GGGGAGCTCCCGGCTGGGAGGTGTGCA-39). HLdown in
conjunction with the upstream HL1K primer was used to PCR amplify the
wild-type BHLF-1 promoter. This fragment was then inserted into the EcoRI/
SacI-digested E4TCAT vector (17). The 1,050-bp HL promoter regions replace
the E4T promoter, leaving the chloramphenicol acetyltransferase (CAT) gene
intact. All constructs were subjected to DNA sequencing to confirm their integ-
rity.

Mutagenesis primers. The primers used for mutagenesis were Z1-a (59-CCT
CTTTTTGGGGTCTCTGTACAATACTTTAAGGTTTGCTC-39), Z1-b (59-G
AGCAAACCTTAAAGTATTGTACAGAGACCCCAAAAAGAGG-39), Z2-a
(59-AAGAAGCCCCCACTCCTGATCAAACCTTAAAGTATTACA-39), Z2-b
(59-TGTAATACTTTAAGGTTTGATCAGGAGTGGGGGCTTCTT-39), Z3-a
(59-GGGGGCTTCTTATTGGTTAATTCAGGCCTGTCATTTTAGCCCGT-
39), Z3-b (59-ACGGGCTAAAATGACAGGCCTGAATTAACCAATAAGAA
GCCCCC-39), Z4-a (59-GGGTTTCATTAAGGTGTGTGGCCAGGTGGGTG
GTACCT-39), Z4-b (59-AGGTACCACCCACCTGGCCACACACCTTAATG
AAACCC-39), Sp1-1a (59-GGGGAGGATTGGGCTGGGCCCCGATATACC
TAGTGG-39), Sp1-1b (59-CCACTAGGTATATCGGGGCCCAGCCCAATCC
TCCCC-39), Sp1-2a (59-GGAGGTATCCTAAGCTCCGCGGCTATATACCA
GGTGGG-39), and Sp1-2b (59-CCCACCTGGTATATAGCCGCGGAGCTTA
GGATACCTCC-39).

DNase I footprinting. Plasmid pHLCAT was digested with EcoRI, 32P end
labeled with polynucleotide kinase and [g-32P]ATP, and digested again with
HindIII to generate the 1,050-bp BHLF-1 promoter fragment used in the DNase
I footprints. The binding reactions for DNase I footprinting were as previously
described (14). The 13-ml reaction mixtures contained 5 fmol of the 32P-end-
labeled probe, 100 ng of TFIID, 40 ng of TFIIA, 5 or 200 ng of ZEBRA, 6 ng of
D161 ZEBRA (13), and 63 ng of HMG-2 or 0.3 footprint unit (fpu) of recom-
binant Sp1 (Promega catalog no. E3391) in binding buffer [12.5 mM HEPES (pH
7.9), 60 mM KCl, 12.5% glycerol, 5 mM MgCl2, 0.2 mM EDTA, 60 mM b-mer-
captoethanol, 0.5 mg of bovine serum albumin per ml, 30 mg of poly(dG-dC) per
ml]. After 60 min of incubation at 30°C, the complexes were subjected to cleav-
age by DNase I for 1 min, and the reactions were terminated by addition of 100
ml of stop buffer containing 0.4 M sodium acetate, 0.2% sodium dodecyl sulfate,
10 mM EDTA, 50 mg of yeast tRNA per ml, and 10 mg of proteinase K. After a
15-min incubation at 55°C, the mixtures were extracted with phenol-chloroform,
and the DNA was precipitated with ethanol, resuspended in formamide dye mix,
and resolved on a 6% polyacrylamide–7 M urea sequencing gel run in 13
Tris-borate-EDTA.

In vitro transcription and primer extension. In vitro transcription and primer
extension assays were performed as described previously (8), with the following
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modifications. Two micrograms of the RNA pol II holoenzyme was mixed with
100 ng of TFIID, 40 ng of TFIIA, 160 ng of TFIIB in the presence of 0.5 mM
nucleotides, 12.5 ng of DNA template (pHLCAT), 5 ng of pGEM3, 7.5 mM
MgCl2 and 0.2 U of RNasin; 7.4 ng of ZEBRA, 0.3 fpu of Sp1, and 125 ng of
HMG2 were added as shown in Fig. 5. After incubation at 30°C for 60 min, the
reactions were terminated by addition of 100 ml of stop buffer containing 10 mg
of proteinase K. After a 15-min incubation at 55°C, the mixtures were extracted
once each with phenol and phenol-chloroform and subsequently ethanol precip-
itated. The RNA pellet was then resuspended in 20 ml of hybridization buffer
containing 300 mM NaCl, 20 mM Tris (pH 7.6), 2 mM EDTA, and 0.2% sodium
dodecyl sulfate; 0.05 fmol of the 32P-end-labeled CAT primer (59-CTCAAAAT
GTTCTTTACGATGCCATTGGGA-39) was added, and after 2 h at 37°C the
hybridization mixtures were precipitated with isopropyl alcohol, washed in 70%
ethanol, resuspended in 10 ml of 10 mM Tris (pH 8.3), and subjected to primer
extension as previously described (8).

Cotransfection and CAT assays. Transcription was measured in triplicate by
lipofectin (Life Technology Laboratories, Gaithersburg, Md.)- or calcium phos-
phate-mediated transient transfection assays (1) using 0.2 to 1 mg of the BHLF-
1–CAT wild-type and mutant reporters shown in Fig. 1. Effector plasmids ex-
pressing ZEBRA (1 ng to 1 mg) and HMG-1 (125 to 1,000 ng) driven by the
simian virus 40 (SV40) promoter or Sp1 (1 mg) (a kind gift from N. Tanese)
driven by the cytomegalovirus promoter were cotransfected along with reporter
templates and equivalent b-galactosidase (b-Gal)-expressing plasmids into a
baby hamster kidney cell line (BHK-21) and harvested 24 h posttransfection as
previously described (38). Calcium phosphate transfections were done with
larger amounts of reporter and effector DNA than the more efficient Lipofectin
reagent. Whole-cell extracts were prepared by freeze-thawing the cells three
times, and transfection efficiency was normalized by b-Gal expression. Typical
CAT assay mixtures contained 25 to 50 ml of whole-cell extract, 0.01 mCi of
[14C]chloramphenicol, and 15 mg of acetyl coenzyme A in 0.25 M Tris (pH 7.5).
The mixtures were fractionated by thin-layer chromatography, and the resulting
thin-layer chromatography plate was exposed to a Molecular Dynamics Phos-
phorImager screen, scanned, and quantitated with ImageQuant software.

RESULTS

Organization of the BHLF-1 promoter. To study transcrip-
tion complex assembly by ZEBRA on natural EBV promoters,
we first attempted to identify a strong viral promoter. Among
the 10 different EBV regulatory regions that we tested,
BHLF-1 was found to be the strongest (data not shown).
BHLF-1 and BHRF-1 are divergent genes regulated by a com-
plex intergenic enhancer (41, 59). The BHLF-1-proximal por-
tion of the enhancer contains binding sites for ZEBRA, the
cellular factor Sp1, and another EBV regulator called Rta (Fig.
1A). Although transfection studies suggest that Rta contrib-
utes to the transcription of BHLF-1 under certain conditions,
its requirement can be bypassed (18, 25, 42, 43).

Transcription of the BHLF-1 promoter in a HeLa nuclear
extract displays a strong sigmoidal response to increasing ZE-
BRA concentration (Fig. 1B). This response is due to binding
of ZEBRA to four binding sites in the region immediately
upstream of the BHLF-1 core promoter bearing the GATAA
sequence in place of a consensus TATA (42, 43). Figure 1C
shows the results of a DNase I footprinting experiment con-
firming the positions of the four sites. The sites have previously
been termed ZRE-1, ZRE-2, and ZRE-3 (two copies), based
on their unique sequences and their different affinities for
ZEBRA (10, 26, 38, 42, 43). We will refer to them as sites Z-1
to Z-4 for clarity. In dose-response measurements, Z-1 and Z-2
become occupied at the lowest concentrations of recombinant
ZEBRA, while Z-3 and Z-4 require higher concentrations.

The sites are important for ZEBRA responsiveness because
pairwise point mutations of Z-1 and Z-2 (D1,2Z) or of Z-3 and
Z-4 (D3,4Z) decrease ZEBRA’s affinity in a DNase I footprint-
ing assay (Fig. 1C, lanes 5 to 12) and decrease ZEBRA’s ability
to activate transcription from mutant BHLF-1 promoters in
vitro in a HeLa nuclear extract (Fig. 1D). The effects of mu-
tations in Z-1 and Z-2 were particularly severe. The two con-
sensus Sp1 sites also contribute to the activity of the promoter
in vitro, as mutants that weaken Sp1 binding in footprinting

assays (Fig. 1C, lanes 13 to 18) lowered the overall levels of
transcription in vitro (Fig. 1D).

The sites are also necessary for BHLF-1 promoter activity in
transfection assays. A vector expressing ZEBRA from the
SV40 enhancer was cotransfected into BHK-21 cells with the
wild-type and mutant BHLF-1 promoters driving expression of
a CAT reporter gene. The bar graph in Fig. 1E shows that the
transfection results agree with the in vitro transcription and
binding studies, although the effects of Sp1 site mutants were
smaller in transfection assays than in vitro. Transfection into B
cells elicited similar effects (data not shown).

Cooperative binding of ZEBRA and the DA complex to
BHLF-1. Our previous studies on model promoters bearing
one through seven high-affinity ZEBRA binding sites had
shown that ZEBRA could synergistically recruit TFIID and
TFIIA to a core promoter. We interpreted this result as evi-
dence that multiple ZEBRA molecules were simultaneously
interacting with the DA complex (14). However, the model
predicts that the DA complex should have a reciprocal coop-
erative effect on binding of ZEBRA to DNA. Our inability to
observe the reciprocal effect on the model promoters was ini-
tially surprising but could be due to the fact that the ZEBRA
sites were of such high affinity that the DA complex had a
negligible effect on ZEBRA binding (data not shown). How-
ever, unlike the optimized model promoters, natural ZEBRA-
responsive promoters frequently contain multiple medium- to
low-affinity sites and rarely contain a high-affinity site. As de-
scribed below, we observe strong cooperative effects of the DA
complex on binding of ZEBRA to multiple sites within the
BHLF-1 promoter in DNase I footprinting experiments.

Figure 2A shows the sequential binding of ZEBRA to sites
Z-1 and Z-2 followed by Z-3 and then Z-4. When ZEBRA is
incubated at the subsaturating concentration shown in lane 2
of Fig. 2A, it generates little protection over any of the sites
(Fig. 2B, lane 4). Similarly, when subsaturating amounts of
either TFIIA and TFIID are incubated with the template, little
protection is observed over the GATAA motif (Fig. 2B, lane
2). However, together, ZEBRA recruits the DA complex to
the GATAA box of the BHLF-1 promoter and the DA com-
plex elicits a reciprocal effect on binding of ZEBRA such that
it strongly promotes binding to sites Z-1, -2, and -3 and weakly
to Z-4 (Fig. 2B, lane 3).

The cooperative recruitment required the activation domain
of ZEBRA, as shown in Fig. 2C. Whereas intact ZEBRA
bound cooperatively with the DA complex (Fig. 2C, lanes 3 to
5), a truncated version of ZEBRA lacking the amino-terminal
nonacidic activation domain (D161) (13) failed to recruit the
DA complex. Furthermore, the presence of TFIID and TFIIA
had little effect of the binding D161 to the promoter (Fig. 2C,
lanes 6 and 7).

Taken together, our results demonstrate that the DA com-
plex and ZEBRA can interact at subsaturating concentrations
to promote the simultaneous or concerted assembly of a tran-
scription complex on DNA. The DA complex is a central
checkpoint in transcription complex assembly, and studies us-
ing yeast have affirmed the importance of TFIID recruitment
as a limiting step in gene activation (60). The ability the DA
complex to simultaneously promote ZEBRA binding to mul-
tiple sites represents one mechanism for ensuring a sigmoidal
response to increasing ZEBRA concentration in the cell.

HMG-1 and -2 promote binding of ZEBRA to DNA to form
a simple enhanceosome. Architectural proteins have been
shown to play a key role in cooperative binding of activators to
the upstream promoter region (7, 24). Previous studies had
shown that HMG-I(Y) and LEF-1 could assist in the cooper-
ative assembly of enhanceosomes on the IFN-b and TCR-a
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enhancers (19, 63). DNase I footprinting of HMG-I and LEF-1
revealed that they did bind the BHLF-1 promoter at noncon-
sensus sites but their binding had little effect on binding by
ZEBRA (data not shown). Although it is likely that other

sequence-specific DNA bending proteins exist in the cell, we
attempted to assess the effects of the ubiquitous HMG-1 and -2
proteins on binding of ZEBRA. HMG-1 and -2 are 215 and
209 amino acids in size, respectively. Although the two proteins

FIG. 1. ZEBRA binding sites are required for transcriptional activation by the BHLF-1 promoter in vitro and in vivo. (A) Schematic of the BHLF-1 EBV promoter.
A 1,050-bp fragment of the BHLF-1 promoter region was subcloned upstream of a CAT reporter gene. The ZEBRA and Sp1 binding sites are depicted along with
their relative spacing. (B) Sigmoidal dose response of BHLF-1 to ZEBRA. Fifty nanograms of BHLF-1 was incubated in a HeLa extract with threefold-increasing steps
of ZEBRA from 7.5 to 200 ng. Transcription was measured by primer extension using a primer in the CAT coding region. (C) DNase I footprint of ZEBRA on the
BHLF-1 EBV wild-type promoter (lanes 1 to 4) or three mutant promoters, D1,2Z (lanes 5 to 8), D3,4Z (lanes 9 to 12), and DSp1 (lanes 13 to 18) (see Materials and
Methods for details of construction). In the first three panels, threefold-increasing concentrations of recombinant ZEBRA (2.5 to 22.5 ng) were incubated with the
BHLF-1 wild-type (WT) (lanes 1 to 4) or mutant (lanes 5 to 12) promoters and digested with DNase I. Similarly, in the last panel, threefold-increasing concentrations
of Sp1 (0.1 to 1 fpu) were incubated with the wild-type promoter (lanes 13 to 15) or the Sp1 mutant promoter (lanes 16 to 18) and subjected to DNase I cleavage. The
cleavage ladders are shown with the four ZEBRA binding sites numbered Z-1 to Z-4, where Z-4 is the most distal from the core promoter GATAA box. The
nonconsensus Sp1 sites that were not mutated are indicated (*). (D) In vitro transcription and primer extension of the wild-type, D1,2Z, D3,4Z, and DSp1 BHLF-1
promoters. The promoters were incubated in HeLa nuclear extracts with threefold-increasing concentrations of recombinant ZEBRA (7.5 to 200 ng), and transcription
was measured by primer extension using a primer in the CAT coding region. (E) Transient transfection assays of the wild-type, D1,2Z, D3,4Z, and DSp1 BHLF-1
promoters. One microgram of effector plasmid encoding ZEBRA expressed from the SV40 promoter and 200 ng of the BHLF-1 wild-type or mutant promoters fused
to the CAT gene were cotransfected by calcium phosphate into BHK-21 cells. The fold activation of CAT expression is shown for each of the promoters.

2616 ELLWOOD ET AL. MOL. CELL. BIOL.



are encoded by separate genes, they share greater than 82%
amino acid identity (6). Previous studies had shown that the
yeast HMG-1 and -2 homologues, NHP6A and -B, elicited
global effects on transcription from a wide array of promoters
(53). Furthermore, biochemical studies had shown that
HMG-1 could promote binding of some transcription factors
to individual sites or pairs of sites (29, 48, 67). We therefore
investigated the ability of the HMG-1 and -2 to mediate coop-
erative binding of ZEBRA.

We were unable to observe specific binding of HMG-1 or -2
to the promoter alone (Fig. 3A, lane 6). Increasing concentra-
tions of ZEBRA led to a gradual but differential filling of Z-1
through Z-4 (Fig. 3A, lanes 2 to 5). However, as shown in Fig.
3A, when increasing concentrations of ZEBRA were added
together with a fixed concentration of HMG-2 (62.5 ng), we
observed cooperative ZEBRA binding to all four sites identi-
fied in the promoter mutagenesis and DNase I footprinting
experiments of Fig. 1 (Fig. 3A; compare lanes 3 to 5 and 7 to
9). An identical effect was observed with HMG-1 (data not
shown). There were two measurable consequences of the co-
operativity. First, ZEBRA bound at eightfold-lower concen-
trations in the presence than in the absence of HMG-1 or -2.
Second, ZEBRA occupied all four sites simultaneously,
whereas the sites normally differed in affinity four- to eightfold.

An interesting aspect of the footprint on sites Z-3 and Z-4 is
the additional DNase I protection observed between the sites
in the presence of HMG-2 (compare lanes 2 and 7). This
footprint may represent HMG-2 binding.

The sigmoidal response characteristic of cooperative binding
was clearly evident in gel shift experiments. We titrated ZEBRA
in the presence and absence of a fixed concentration of
HMG-2. At low concentrations of ZEBRA, four distinct
shifted complexes were observed. By quantitating the amount
of radioactivity in each complex and in the unbound probe, we
could calculate the percentage occupancy of the four sites. The
occupancy was then plotted as a function of ZEBRA concen-
tration (Fig. 3B). The addition of HMG-2 led to a mild super-
shift of the complex (data not shown) but, more importantly,
strongly stimulated site occupancy such that even at the lowest
ZEBRA concentrations tested, most of the sites in the probe
were bound (compare upper and lower curves). The stimula-
tory effect was most apparent at the lowest ZEBRA concen-
trations because higher concentrations led to probe saturation
in the absence of HMG-2. Similar effects were observed with
HMG-1 (data not shown).

The stimulatory effect of HMG-1 was also observed in a
transfection experiment into BHK-21 cells as measured by a
CAT assay. Cotransfection of a vector expressing HMG-1 from

FIG. 2. Cooperative assembly of a complex containing TFIID, TFIIA, and ZEBRA. (A) Dose-response experiment (threefold steps) using DNase I footprinting
to measure ZEBRA binding to the wild-type BHLF-1 promoter. At saturating conditions (200 ng), all four ZEBRA binding sites are occupied (lane 6). (B) ZEBRA
recruits the DA complex, and the DA complex has a reciprocal effect on ZEBRA binding. Lane 1 shows naked DNA. When ZEBRA is set at subsaturating
concentrations (2.5 ng) as in lane 2 of panel A, none of the four ZEBRA sites are occupied (lane 4). Similarly, when DA is set at subsaturating concentrations (100
ng of TFIID and 40 ng of TFIIA), there is little to no protection of the GATA box (lane 2). When ZEBRA, TFIIA, and TFIID are present together at subsaturating
concentrations, ZEBRA recruits DA to the GATA box and DA has a reciprocal effect on ZEBRA binding (lane 3). (C) Recruitment of DA by ZEBRA requires the
activation domain. Lane 1 shows naked DNA. Lane 2 shows that at saturating concentrations of ZEBRA (200 ng), all four ZEBRA binding sites are filled, whereas
lane 3 shows the site occupancy at subsaturating concentrations of ZEBRA (2.5 ng). Lane 4 shows the footprint over the GATAA box at subsaturating concentrations
of TFIID and TFIIA. At subsaturating concentrations of ZEBRA, TFIID, and TFIIA, there is a strong protection over the GATAA box (compare lanes 4 and 5) as
well as a reciprocal effect on ZEBRA binding by the DA complex (compare lanes 3 and 5). Lanes 6 and 7 demonstrate the dependence of this effect on the activation
domain of ZEBRA. In lane 6, the footprint from subsaturating concentrations of an activation domain mutant of ZEBRA called D161 (12.5 ng) is shown. In the
presence of subsaturating concentrations of TFIID and TFIIA (lane 7), D161 fails to recruit the DA complex to the GATAA box and the DA complex does not stimulate
D161 binding to the upstream ZEBRA binding sites.
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the SV40 enhancer-promoter with increasing amounts of the
ZEBRA expression vector resulted in a significant additional
stimulation by ZEBRA of the BHLF-1 promoter (Fig. 3C).
Again, the stimulatory effect was most evident at low concen-
trations of ZEBRA. Despite the consistent stimulatory effect
of HMG-1 in transfection experiments, the effect might be
viewed as surprising since there are millions of molecules of
HMG-1 and -2 in a typical mammalian cell. However, it is
possible that HMG-1 and -2 are sequestered into chromatin
complexes in vivo and are unavailable to the transfected DNA.
Alternatively, the amount of transfected DNA may simply ex-
ceed the pool of free HMG-1 and -2.

Taken together, the data reveal cooperative binding of mul-
tiple activators to a promoter is mediated by architectural
proteins, which bind DNA nonspecifically. We will refer to the
final structure as a simple enhanceosome, as opposed to a
more complex enhanceosome (i.e., TCR-a) containing several
different activators engaged in combinatorial interactions. We
imagine that the cooperativity involves direct protein-protein
interactions among bound ZEBRA molecules. We have not
been able to observe strong interactions between ZEBRA and
HMG-1 or -2 in affinity binding experiments off the DNA but
can not exclude that ZEBRA and HMG-1 or -2 interact on the
DNA.

Sp1, ZEBRA, and HMG-2 assemble into an enhanceosome
that recruits the DA complex. Sequence analysis of the
BHLF-1 promoter revealed that it contained two consensus

binding sites for the cellular factor Sp1 upstream of the ZEBRA
sites (Fig. 1A). Sp1 consensus sites are found in many lytic
promoters, and mutagenesis of those sites in BHLF-1 de-
creased transcription in vivo and in vitro (Fig. 1C, D, and E).
We therefore investigated the effect of Sp1 on both enhanceo-
some formation and DA complex recruitment (Fig. 4). Sp1
alone or with HMG-2 generated a series of protections span-
ning over 100 bp immediately upstream of the four ZEBRA
binding sites (Fig. 4A, lane 6, and data not shown). Indeed,
four separate Sp1 footprints were observed, suggesting the
possibility that Sp1 was binding cooperatively to the two con-
sensus sites and two or more adjacent nonconsensus sites (in-
dicated by asterisks). When subsaturating amounts of ZEBRA
(lane 2) were incubated with Sp1, we observed strong binding
of ZEBRA to sites Z-1 to Z-3 (Fig. 4A, lane 3). In dose-
response experiments, we observed an 8- to 16-fold stimulation
of ZEBRA binding by Sp1 (data not shown). Addition of
HMG-2 further stimulated binding to Z-4 (Fig. 4A, lane 4).
Indeed, in the presence of Sp1, we observed ZEBRA and
HMG-2 DNase I protections spanning nearly all 300 bp of the
proximal BHLF-1 promoter. There were several intriguing
DNase I enhancements and protections between the sites, pos-
sibly indicative of DNA looping between ZEBRA and Sp1.
However, we have not observed strong Sp1-ZEBRA interac-
tions off the DNA. Nevertheless, the strong degree of cooper-
ativity in the presence of Sp1, ZEBRA, and HMG-2 indicates
the assembly of a sophisticated nucleoprotein complex at the

FIG. 3. HMG-1 and -2 affect ZEBRA binding to the BHLF-1 promoter in vitro and in vivo. (A) DNase I footprint of the BHLF-1 promoter. Lane 1 shows the
cleavage ladder of BHLF-1 in the absence of any proteins. Lane 2 shows ZEBRA binding at saturating concentrations (200 ng). A twofold titration of ZEBRA (1.25
to 5 ng) binding is shown in lanes 3 to 5. Lanes 7 to 9 show the effect of HMG-2 (62.5 ng) on the binding of ZEBRA (compare lanes 3 to 5 and 7 to 9). The ZEBRA
binding sites are indicated as Z-1 to Z-4. (B) Graph of the results of a gel shift assay showing that HMG-2 helps ZEBRA to bind to the BHLF-1 promoter. In the
presence of 62.5 ng of HMG-2, 56% of the BHLF-1 probe is bound by ZEBRA, whereas at the same concentration (1.9 nM) of ZEBRA alone, only 15% of the probe
is shifted. (C) HMG-1 affects transcriptional activation by ZEBRA in vivo. ZEBRA (1 to 10 ng) and HMG-1 (800 ng) effector plasmids driven from the SV40 promoter
were cotransfected by lipofection with 25 ng of the wild-type BHLF-1 CAT reporter construct and assayed for transcription as a function of CAT activity. One nanogram
of ZEBRA alone gives a 0.5-fold stimulation of transcription, and the presence of HMG-1 increases the activation to 4-fold.
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promoter. We will refer to this structure as an enhanceosome,
although we have not formally shown that the proteins directly
interact.

The enhanceosome was able to recruit the DA complex to
the core promoter (GATAA), as shown in Fig. 4B. Subsatu-
rating amounts of ZEBRA (lane 3) were incubated with Sp1
and HMG-2. Sp1 and HMG-2 promoted ZEBRA binding
(compare lanes 3 and 4), although the sites were not entirely
saturated. Addition of TFIID and TFIIA to ZEBRA strongly
promoted ZEBRA binding to sites Z-1 and Z-2, and less so to
Z-3, while ZEBRA recruited DA (lane 6). However, addition
of TFIID, TFIIA, ZEBRA, HMG-2, and Sp1 led to even
stronger recruitment of the DA complex to the core promoter
and a reciprocal effect on ZEBRA binding to sites Z-3 and Z-4
(Fig. 4B; compare lanes 6 and 7).

The cooperative effects of ZEBRA and Sp1 binding were
paralleled by synergistic activation in transfection assays (Fig.
5A). Cotransfection of the BHLF-1 promoter with vectors
constitutively expressing Sp1 or ZEBRA alone (at subsaturat-

ing concentrations) had less than a twofold stimulatory effect
on transcription from the BHLF-1 promoter. However, to-
gether the two proteins activated transcription 28-fold (Fig.
5A). HMG-1 further stimulated transcription 30%. We believe
that because of the strong synergistic effects of Sp1 and ZEBRA,
we observed only a small additional stimulatory effect of
HMG-1. This result is somewhat analogous to the effects of
HMG-1 when ZEBRA was present at saturating amounts in
the transfection assay represented in Fig. 3C. We do not be-
lieve that Sp1 was inadvertently stimulating ZEBRA expres-
sion. ZEBRA and our b-Gal normalization standard are both
expressed from the SV40 enhancer-promoter, and Sp1 had no
effect on b-Gal activity in our transfection assays (data not
shown).

We have found it difficult to precisely regulate the amount
of synergy by ZEBRA, Sp1, and HMG-1 because Sp1 and
HMG-1 are already present in the cell. Furthermore, different
permutations of the experiment in Fig. 5A revealed differential
synergistic effects as different components were made limiting.
We presented this particular experiment because it demon-
strated the ability of ZEBRA and Sp1 to synergize, analogous
to the binding experiments represented in Fig. 4.

Interaction of a putative holoenzyme with the enhanceo-
some. Recent studies have revealed that many of the general
factors are assembled into a holoenzyme. Although holoen-
zymes isolated from yeast and mammalian extracts vary con-
siderably in terms of composition, it remains unclear if this
variability is due to purification techniques or because func-
tionally distinct holoenzymes exist within the cell. The yeast
holoenzyme isolated by Hengartner et al. (27) contains TFIIB
and is complementable by TFIID and TFIIE (36). This ho-
loenzyme has also been shown to directly interact with activa-
tors in affinity chromatography experiments (27). The unique
properties of the holoenzyme suggest that it could participate
in the second step of a two-step recruitment model (60). Such
a model predicts that activators initially recruit a complex
containing TFIID and TFIIA, which then serves as a platform
for subsequent recruitment of the RNA pol II holoenzyme.
Although a complex containing TFIIB and complementable
solely by TFIIA and TFIID had not yet been isolated from
mammalian extracts, the rationale that such a complex exists is
compelling. First, it would agree with biochemical data sug-
gesting that binding of the DA complex and recruitment of
TFIIB are two biochemically separable steps. Second, most
transcription occurs in multiple rounds. The first round is slow
and takes longer than reinitiation (30). Biochemical data sug-
gest that TFIID and probably TFIIA stay behind during elon-
gation but the remaining factors dissociate from the complex
(see, for example, reference 68). Thus, a TFIIB-containing
holoenzyme lacking TFIID and TFIIA would make sense from
a regulatory standpoint because it could support the rapid
reinitiation observed in vitro. Other models have been pro-
posed, and we will address these in Discussion.

In an effort to isolate such a holoenzyme from HeLa ex-
tracts, we used GST-VP16 and GST-ZEBRA affinity chroma-
tography. The eluate from the first round was subjected to a
second round of affinity chromatography and assayed for tran-
scriptional activity. Although the eluate displayed a low basal
activity and the ability to respond weakly to activators, that
activity was greatly stimulated by TFIIA and TFIID. To deter-
mine the composition and whether the various factors consti-
tuting the putative holoenzyme existed in a complex, the affin-
ity eluate was subjected to gel filtration. Immunoblotting
revealed that TFIIB, TFIIE, TFIIF, TFIIH, pol II, SWI-SNF,
p300, and other components, but not TATA binding protein

FIG. 4. Formation of an enhanceosome. (A) Sp1 and HMG-2 help ZEBRA
to bind cooperatively to the BHLF-1 EBV natural promoter. Sp1 (0.3 fpu) and
HMG-2 (62.5 ng) stimulate ZEBRA (2.5 ng) binding (compare lanes 2 and 3 and
lanes 2 and 5). Together, Sp1 and HMG-2 stimulate an even greater binding of
ZEBRA to Z-1 through Z-4 (compare lanes 3 and 4 and lanes 4 and 5). Sp1 and
HMG-2 alone exhibit no binding to or around the promoter region encompass-
ing ZEBRA sites Z-1 through Z-4 (lane 6). (B) The enhanceosome can recruit
the DA complex to the GATA box of the natural EBV BHLF-1 promoter. Lanes
2 and 3 show saturating (200 ng) and subsaturating (2.5 ng) concentrations of
ZEBRA, respectively. Lane 4 shows binding to Z-1 to Z-4 in the context of the
simple enhanceosome as shown in panel A, lane 4. Lane 5 shows that at sub-
saturating concentrations of DA (100 ng of TFIID and 40 ng of TFIIA), there is
very little protection over the GATA box. Lane 6 shows the recruitment of the
DA complex by ZEBRA and the reciprocal effect that DA has on ZEBRA
binding to sites Z-1 to Z-4 as shown in Fig. 2. Lane 7 demonstrates that the
simple enhanceosome is able to recruit the DA complex to the GATA box and
that the DA complex has a reciprocal effect on ZEBRA binding to this promoter
(compare lanes 6 and 7 as well as lanes 4 and 7). Sp1* indicates nonconsensus
Sp1 binding sites distinguishable from the two consensus sites shown in Fig. 1A
and labeled here as Sp1.
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(TBP), TBP-associated factors, or TFIIA, comigrated as a
large (.2-MDa) complex (28a).

To determine if this holoenzyme could complement the DA
complex on a natural ZEBRA-responsive promoter, we incu-
bated it with increasing concentrations of ZEBRA in the pres-
ence of TFIID and TFIIA. The results shown in Fig. 5B and C
revealed that the holoenzyme could complement the DA com-
plex on the BHLF-1 gene and could respond strongly to ZE-
BRA, Sp1, and HMG-2. The synergistic effects were not nearly
as dramatic as those observed in vivo, or in the intact HeLa
extracts, although they present a framework for further inves-
tigation. We imagine that the differences could be due to a lack
of critical coactivators, the need for chromatin templates to
observe the synergistic effects in a pure system, or simply the
weaker activity of the isolated holoenzyme.

DISCUSSION

Our current model for the synergistic response of a gene to
multiple activators is that the general machinery has an expo-
nentially higher affinity for multiple versus single activators.
This model is based on the exponential relationship between
the free energy of an interaction and the affinity (e.g., K 5
e2DG/RT). Several of our earlier studies provided support for
the model by demonstrating synergistic transcription under
conditions where the activator sites were saturated (8, 9). A
corollary of the model is, however, that the general machinery
should facilitate cooperative binding of multiple activators to
DNA when the activators are present at subsaturating levels.

We undertook the present study to test the prediction and to
explore other mechanisms contributing to cooperative activa-
tor binding. We chose to perform our study on a natural EBV

promoter where nuances of the mechanism might be revealed
and where the findings might be expanded to study other genes
in the EBV regulatory switch. Our study showed that recruit-
ment of TFIIA and TFIID can cooperatively facilitate ZEBRA
binding to the upstream promoter. In addition to this form of
cooperativity, we found that the architectural proteins HMG-1,
HMG-2, and Sp1 could facilitate cooperative binding of ZE-
BRA to form an enhanceosome. The two forms of cooperat-
ivity, when superimposed, would provide a plausible mecha-
nism for explaining the sensitive sigmoidal response to
increasing activator concentration.

A model for transcription complex assembly at BHLF-1.
The data suggest a simple biochemical model for assembly of
a transcription complex (Fig. 6), namely, that a ZEBRA-con-
taining enhanceosome and the DA complex are recruited to
the promoter in a concerted reaction. The final complex con-
tains all or most of the information for specificity and, subse-
quently (or possibly concurrently), recruits the holoenzyme.
We imagine that the holoenzyme can be continually rere-
cruited during multiple rounds of reinitiation.

The holoenzyme preparation which we isolated in our study
apparently contains the coactivator and histone acetylase p300/
CBP and components of the SWI-SNF complex involved in
chromatin remodeling (35, 61). We have shown that these
activities are active in the context of the holoenzyme (28a). On
chromatin templates these activities may be necessary to re-
move nucleosomes encompassing the core promoter during
initiation or to remove downstream nucleosomes during elon-
gation (3).

Although our model incorporates the concept of a holoen-
zyme that can be complemented by the DA complex, other
forms of the holoenzyme have been isolated (11, 15, 44, 45, 47,

FIG. 5. In vivo and in vitro effects on transcription by an enhanceosome. (A) In vivo transcription by an enhanceosome. Cotransfection by calcium phosphate of
1 mg of the indicated effector plasmids with 200 ng of the BHLF-1–CAT reporter into a BHK-21 parental cell line. The in vivo fold activation of transcription from
the BHLF-1–CAT reporter is indicated. (B) The RNA pol II holoenzyme can respond to stimulation by ZEBRA and Sp1 from the natural BHLF-1 promoter. Basal
levels of transcription are indicated in lane 1, where the holoenzyme (2 mg) and TFIID (100 ng) and TFIIA (40 ng) were incubated with the BHLF-1 promoter. Neither
factor alone elicits any signal (data not shown). Lanes 2 to 6 show that threefold-increasing concentrations of ZEBRA (2.5 to 200 ng) elicit activated transcription.
Similarly, lanes 7 to 10 show that increasing concentrations of Sp1 (0.1 to 3 fpu) can also activate transcription. (C) The enhanceosome responds to stimulation by a
partially purified RNA pol II holoenzyme. ZEBRA (7.5 ng), Sp1 (0.3 fpu), and HMG-2 (125 ng) are able to elicit a greater overall level of transcription (lane 8) from
the natural BHLF-1 promoter in a reconstituted system using the RNA pol II holoenzyme, TFIID, and TFIIA and then when any of the factors are used alone or in
various paired combinations (lanes 2 to 7).
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51). Some preparations contain a full complement of general
transcription factors along with myriad other functionally sig-
nificant proteins (45, 50, 51), whereas others contain only a
subset of the general factors, coactivators, and chromatin re-
modeling factors such as SWI-SNF (11, 44, 47). The discrep-
ancies in the actual composition of the RNA pol II holoen-
zymes may be a result of different purification procedures or
the existence of functionally discrete versions of the holoen-
zyme, or perhaps some of these factors are only loosely asso-
ciated with the holoenzyme at any given time within the cell.

Given the observation of intact holoenzymes, it is plausible
that the initial event in transcription of a gene includes recruit-
ment of a holoenzyme containing TFIID and all of the general
factors. Current models for elongation suggest, however, that
after the first round of initiation the holoenzyme falls apart.
Given the observation that TFIID has been shown to remain
behind after elongation (68, 69), the extreme stability of TFIID
bound to the DNA (reviewed in reference 5), and the slow
kinetics of TFIID binding, it is unlikely that new TFIID-con-
taining holoenzymes are recruited in each round.

Enhanceosome assembly. The BHLF-1 enhanceosome con-
sist minimally of ZEBRA and HMG-1 or -2. Sp1 strongly
cooperates with ZEBRA in binding DNA. Although mutagen-
esis and transfection data suggest Sp1 sites are important, we
have no direct evidence that Sp1 mediates a response under
physiological conditions. One other potential candidate for
binding to the GC-rich Sp1 sites is EGR-1. However, EGR-1
showed no stimulatory effects in cotransfection assays (data
not shown). The strong cooperative effects and the DNase
I-hypersensitive sites interspersed among the Sp1 and ZEBRA
footprints suggest bona fide protein-protein interactions be-
tween the two proteins. ZEBRA, like Sp1, contains several
glutamine-rich stretches which might engage in cooperative
interactions with Sp1 similar to those seen among Sp1 pro-
tomers (52). The appearance of a new footprint between the
Z-3 and Z-4 sites in the promoter suggests, however, that
HMG-2 may bind there stably in the presence of ZEBRA. This
issue is under investigation.

There are tremendous differences in the range and action of
enhancers, and it is likely that the dynamics of enhanceosome
assembly will change from case to case. There will be some
common features. The principles of cooperativity and synergy,
for example, are hallmarks of an enhanceosome, and they are
likely to be employed in potent, broadly active enhancers like
the SV40 enhancer (49) as well as in regulated enhanceosomes
such as the cell-specific TCR-a enhancer or the signal-depen-
dent IFN-b enhancer. However, it is important to consider that
there will be differences. Enhancers that are designed to re-
spond to particular signals may be tuned more sensitively to
changes in helical phasing or the arrangements of activator
binding sites. For example, such changes in promoter architec-
ture are more deleterious to the IFN-b enhancer (63) than to
the strong constitutive SV40 enhancer with its redundancy in
activator binding sites (49, 63).

To what extent can the role of architectural proteins in
assembly of other enhanceosomes be generalized? Architec-
tural proteins are not necessary for cooperative binding of l
repressor in prokaryotes or of GAL4 and androgen receptor in
eukaryotes (28, 28a, 32). The case of l repressor is particularly
interesting because the ability to interact was dependent on
helical phasing even though two molecules of l repressor sta-
bly interacted as far as 60 bp away and the DNA was clearly
looping (22). Therefore, the strength of the cooperative inter-
actions absorbed the energetic cost of DNA bending but was
unable to absorb the excess cost of DNA twisting. It is not yet
clear whether similar scenarios will be observed in mammalian
systems, although numerous cooperative interactions have
been reported for gene activators in binding reactions lacking
architectural proteins.

In instances where architectural proteins are involved, the
requirement for sequence specificity may vary. In the case of
the IFN-b enhancer, the role of HMG-I is to reverse an in-
trinsic bend to allow NF-kB to bind. Similarly, LEF-1 (or
TCF-1) promotes distal cooperative interactions on TCR-a but
also displays a context-dependent activation domain, recently
shown to interact with a coactivator called ALY (4). However,
the abundance of HMG-1 in cells, and its ability to singularly
twist and bend the DNA in a manner largely independent of
sequence (6), suggests that it could be used by virtually any
enhancer or promoter to facilitate protein-protein interactions.
One can envision a scenario where different numbers of
HMG-1 or -2 molecules would be required on different enhan-
ceosomes. The number and positioning of HMG molecules
would be based not on sequence but on the final free energy of
the nucleoprotein structure.

FIG. 6. A model for gene activation by the ZEBRA enhanceosome. The
model depicts enhanceosome assembly and DA recruitment (steps 1 and 2)
either as distinct steps or as a concerted reaction involving reciprocal cooperative
interactions among ZEBRA and the general machinery. Previous data have
supported a stepwise assembly of the complex, although our study revealed the
assembly can occur in a concerted fashion. The RNA pol II holoenzyme is then
recruited to the promoter by the enhanceosome-DA complex (step 3) to form the
closed preinitiation complex (step 4). This step is then followed by ATP-depen-
dent start site melting (step 5) and eventually elongation. TAF, TBP-associated
factor.
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Recruitment of the general machinery. Until recently, most
studies using the EBV transactivator ZEBRA had been per-
formed in model systems with highly defined templates bearing
multimerized binding sites upstream of a core promoter such
as adenovirus E4. Early kinetic experiments in this system used
permanganate-sensitive open complexes as an endpoint for
transcription complex assembly. These studies established that
complexes containing ZEBRA, crude TFIID (contaminated
with upstream stimulatory activity [USA] coactivators) and
crude TFIIA formed a rate-limiting intermediate in open com-
plex assembly (13). The addition of TFIIB enhanced the sta-
bility of the complexes in these experiments but was not a
limiting intermediate. Later studies using homogenous TFIID
and TFIIA established that ZEBRA could directly recruit the
DA complex in gel shift and DNase I footprinting experiments
(14, 40).

ZEBRA was also able to directly recruit TFIIB in these
experiments, reinforcing the notion that components of the
DAB complex were targets of ZEBRA-mediated transactiva-
tion. Indeed coincubation of ZEBRA with TFIIA, TFIIB,
TFIID, and the USA coactivator was necessary to form a stable
complex resistant to challenge with the detergent Sarkosyl
(39). Taken together, the data support the idea that DAB and
coactivators are all needed for the final complex stability.
TFIIB may also act as a potential secondary target used during
reinitiation to continually rerecruit holoenzymes to the DA
complex.

Our present study demonstrates that the BHLF-1 enhanceo-
some can recruit the DA complex and that DA can have a
reciprocal effect on binding of ZEBRA. Originally we were
unable to observe this reciprocal cooperativity on the model
templates by DNase I footprinting, probably because the af-
finity of the sites for ZEBRA was so high (8). However, such
reciprocal cooperativity is predicted from a thermodynamic
point of view. Indeed functional in vitro transcription studies
on the model templates in which high-affinity binding sites
were placed upstream of low-affinity core promoters, and vice
versa, established an energetic link between the two types of
regulatory elements (38). Although this previous study did not
provide direct binding evidence, it suggested that reciprocal
cooperativity existed and provided the foundation for the di-
rect effect observed here.

The existence and biological importance of reciprocity in
gene regulation was first alluded to by the studies on l repres-
sor (31). Although repressor bound at the high-affinity OR1
strongly enhanced affinity for repressor to OR2, the repressor
at OR2 elicited a modest reciprocal effect on repressor bound
at OR1. Ironically, the initial experiments on TFIID, rather
than showing an effect of the major late transcription factor
(USF) activator on TFIID recruitment, showed a strong stabi-
lizing effect of TFIID on activator binding (58). Our studies
have further refined the reciprocity model, demonstrating that
cooperativity could be manifested under conditions where
ZEBRA, TFIID, and TFIIA were limiting in concentration.
The ability of enhanceosome-DA complex assembly to occur in
a concerted reaction would lead to enhanced specificity in the
transcriptional response.

Many of the issues discussed have recently been established
for the IFN-b enhanceosome. This structure interacts with
DAB complex and the USA coactivators to form a Sarkosyl-
resistant complex. The reciprocal effect of the general machin-
ery was shown by the ability of the factors to stabilize the
activators constituting the upstream enhanceosome from chal-
lenge by competitor binding site oligonucleotides (34).

Kim and Maniatis (34) and Merika et al. (46) have presented
an argument that the stereospecific arrangement of activators

in the IFN-b enhanceosome is important for its function, pos-
sibly by recruitment of CBP-containing coactivators. It is not
clear that such a relationship exists on the EBV promoters. We
have altered the ZEBRA site phasing relationships for one less
potent EBV promoter (BALF-2) and did not observe an effect,
although we have not yet confirmed this observation for
BHLF-1. In fact the number and arrangement of the ZEBRA
sites vary significantly among the three dozen or so different
ZEBRA-responsive viral promoters, and there may be no strict
rules for site alignment. We hope that studying enhanceosome
formation on select ZEBRA-responsive promoters will reveal
new principles for how nucleoprotein promoter-enhancer com-
plexes function.
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