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Assembly of enhanceosomes requires architectural proteins to facilitate the DNA conformational changes
accompanying cooperative binding of activators to a regulatory sequence. The architectural protein HMG-1
has been proposed to bind DNA in a sequence-independent manner, yet, paradoxically, it facilitates specific
DNA binding reactions in vitro. To investigate the mechanism of specificity we explored the effect of HMG-1
on binding of the Epstein-Barr virus activator ZEBRA to a natural responsive promoter in vitro. DNase I
footprinting, mutagenesis, and electrophoretic mobility shift assay reveal that HMG-1 binds cooperatively with
ZEBRA to a specific DNA sequence between two adjacent ZEBRA recognition sites. This binding requires a
strict alignment between two adjacent ZEBRA sites and both HMG boxes of HMG-1. Our study provides the
first demonstration of sequence-dependent binding by a nonspecific HMG-box protein. We hypothesize how a
ubiquitous, nonspecific architectural protein can function in a specific context through the use of rudimentary
sequence recognition coupled with cooperativity. The observation that an abundant architectural protein can
bind DNA cooperatively and specifically has implications towards understanding HMG-1’s role in mediating
DNA transactions in a variety of enzymological systems.

An emerging theme in eukaryotic gene expression is that
promoter- and cell-specific transcription is achieved through
regulated assembly of activators into nucleoprotein structures
termed enhanceosomes (6, 22, 37). Enhanceosome assembly is
mediated by cooperative protein-protein interactions dictated
by the positioning of activator binding sites on a regulatory
sequence and the concentration of relevant activators in a cell
(6, 43). Because interactions between activators generate en-
ergetically unfavorable DNA bends, architectural proteins that
bend and twist the DNA are necessary to facilitate cooperative
binding. An important issue in the field is how such flexure can
be provided on a global level for the thousands of combinato-
rial activator arrays bound to genes in a eukaryotic nucleus (6,
22, 32, 37, 38, 42).

Both sequence-specific and nonspecific DNA architectural
proteins have been identified. The largest family of eukaryotic
architectural proteins contains the conserved HMG box, a
75-amino-acid sequence of known structure. Numerous exam-
ples exist of HMG-box proteins that bind DNA either specif-
ically (e.g., LEF-1) or nonspecifically (e.g., HMG-1 and -2) (4).
The function and mechanism of some sequence-specific archi-
tectural proteins have been established, while the nonspecific
proteins have remained enigmatic. In this paper we examine
how the abundant and relatively nonspecific HMG-1 and -2
proteins can function in a specific context.

To provide a framework for the problem, consider the action
of LEF-1 on the T-cell receptor alpha (TCR-a) enhanceo-
some. LEF-1 or TCF-1 binds to an 8-bp sequence within the
75-bp TCR-a enhancer, bends the DNA, and stimulates coop-
erative binding of the flanking activators, PEBP2a–Ets-1 and
ATF-CREB (18). LEF-1 binds the DNA using three closely
packed alpha-helices, which constitute the L-shaped HMG
domain. The HMG domain intercalates a methionine between
2 bp in the minor groove of the recognition site, rolling the

base pairs and widening the minor groove. This effect in turn
generates a 90° bend towards the major groove (36). A central
feature of LEF-1 is its ability to bind DNA specifically and
independently to generate complexes sensitive to mutagenesis
and identifiable by DNase I footprinting or electrophoretic
mobility shift assay (EMSA).

By the same criterion HMG-1 and -2 are considered to bind
DNA nonspecifically, yet, paradoxically, they facilitate specific
DNA interactions by other proteins. Examples include the
binding of several sequence-specific transcription factors (ste-
roid receptors, Hox proteins, and p53), recombination by
RAG-1 and -2 of the VDJ junctions, and integration by human
immunodeficiency virus type 1 integrase (3, 12, 29, 32, 38, 39,
41, 51, 60, 62). HMG-1 and -2 contain two HMG DNA binding
motifs, termed box A and box B. The individual boxes have
been generated in recombinant form and studied. Both boxes
fold (44), bind, and bend DNA (42, 46, 47), although they
possess different DNA affinities and bending potentials (47).
Intact HMG-1 is believed to bind a 15- to 18-bp region of DNA
(46).

The lack of sequence-specific binding by HMG-1 is perplex-
ing. The solution structures of HMG boxes A and B reveal a
domain comprising three alpha-helices folded in the shape of
an L, remarkably similar to the domain of LEF-1 (24, 45, 57).
A 2.5-Å crystal structure of the HMG-1 box A complexed to
cisplatin-modified DNA reveals that DNA binding by HMG-1
shares many features with that of LEF-1 (40). Cisplatin is an
antitumor drug that binds in the major groove and induces an
intrastrand cross-link, resulting in a bend towards the major
groove. Box A recognizes the widened minor groove of cispla-
tinated DNA and induces an additional kink at the cross-link.
A phenylalanine residue at position 37 intercalates into the
hydrophobic notch created by the drug and the remainder of
the protein engages in a series of contacts along the DNA 39 to
the adduct.

Structural studies indicate that nonspecific HMG-1 and -2
family members possess rudiments of sequence recognition.
Nuclear magnetic resonance (NMR) analysis revealed that
NHP6A, a Saccharomyces cerevisiae homologue of HMG-1,
interacted with a DNA fragment in a specific fashion via partial
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intercalations of methionine and phenylalanine residues (2,
58). A recent crystal structure of HMG-D showed that it also
bound to a specific AT-rich sequence in a manner involving
partial intercalations of methionine and valine residues (31). In
both cases the methionine intercalated into a centrally located
pyrimidine-purine step, consistent with a previous binding site
selection study with HMG-D (9). Moreover, in both cases the
HMG domain structure closely resembled that of LEF-1.

How might such minimal specificity be employed to influ-
ence a specific binding reaction? We propose that HMG-1
exhibits a rudimentary sequence recognition capability and
that cooperative binding with nearby activators stabilizes the
binding of HMG-1. To address this hypothesis we have insti-
tuted an analysis of HMG-1 action in assembly of enhanceo-
somes over Epstein-Barr virus (EBV) lytic genes (14–16, 25,
34). Our previous study revealed that HMG-1 and -2 facilitated
cooperative binding of ZEBRA to two pairs of sites in the viral
BHLF-1 gene promoter, from positions 250 to 274 (Z-1 and
Z-2) and from positions 2106 to 2146 (Z-3 and Z-4). BHLF-1
controls transcription of abundant early mRNAs, and we fo-
cused on it because of its potent promoter. We chose to study
the distal set of sites, Z-3 and Z-4, because we previously
observed a specific DNase I footprint between them that might
be a binding site for HMG-1. This would represent the first
example of sequence-dependent HMG-1 binding and would
form a model for understanding other reactions where HMG-1
has been shown to influence DNA binding or catalytic activity
by transcription factors and recombinases, respectively. We
show that HMG-1 does indeed bind this sequence coopera-
tively and specifically. Efficient binding of HMG-1 requires a
specific DNA sequence between Z-3 and Z-4, both boxes (A
and B) of HMG-1, the ZEBRA DNA binding domain, both
ZEBRA binding sites, and a precise alignment of the two sites.

MATERIALS AND METHODS

Generation of the 100-bp minimal BHLF-1 promoter and mutants. PCR was
employed to amplify a fragment from 2990 to 190 of the EBV BHLF-1 pro-
moter using pBamW2 YFSal G, which contains a segment of the B95-8 EBV
genome spanning 40 to 61 kb (48). This fragment was subcloned into a mam-
malian CAT expression vector, generating HLCAT as previously described (13).
A DNase I footprint between Z-3 and Z-4, from positions 2116 to 2128, was
observed on this promoter when it was incubated with both ZEBRA and
HMG-1. HLCAT was then used as a template to PCR-amplify a 97-bp fragment
containing the third (Z-3) and fourth (Z-4) ZEBRA binding sites along with the
region encompassing the footprint. The primers, HLZ3,4 up and HLZ3,4 down,
contain SacI and PstI restriction sites, respectively. This fragment was subcloned,
via SacI and PstI, into a reporter construct bearing the adenovirus E4 core
promoter upstream of luciferase (30).

The 97-bp region was mutated by two-step PCR to generate a series of
derivatives termed HMGD1-7. These mutants contain base pair substitutions in
the region encompassing the HMG-1 footprint (HMGD1-5) or contain 5- or
10-bp insertions (HMGD6-7). The substituted or inserted sequences are under-
lined in each mutant primer set listed below. The first round of PCR was
performed in two reactions, one using the original HLZ3,4 up (SacI) primer
along with one of the mutant down primers, and the other using the original
HLZ3,4 down (PstI) primer with one of the mutant up primers. The two PCR
products were purified and employed in a second round of PCR with the original
HLZ3,4 up (SacI) and HLZ3,4 down (PstI) primers to generate the final mutant
fragment. The wild-type promoter and the mutants were then subcloned into the
SacI and PstI sites of pGL3-E4 Lux, which contains the adenovirus E4T core
promoter (30). The primer sets were as follows: HLZ3,4 up (SacI) (59 GGGG
AGCTCGAATAACCTCCAGGTACCACCC 39) and HLZ3,4 down (PstI) (59
GGGCTGCAGGTGGGGGCTTCTTATTGGTTAATTC 39), HL HMG1 down
(59 CATTTTAGCCCCCCCCCTTTCATTAAGGTGTGTCACCAGGTGGG 39)
and HL HMG1 up (59 CCTTAATGAAAGGGGGGGGGCTAAAATGACAC
ACCTGAATTAACC 39), HL HMG2 down (59 GCCCGTTGGGCCCCCCCA
AGGTGTGTCACCAGGTGGG 39) and HL HMG2 up (59 GGTGACACACC
TTGGGGGGGCCCAACGGGCTAAAATGACACACCTG 39), HL HMG3
down (59 GCCCGTTCCCTTTCATTAAGGTGTGTCACCAGGTGGG 39) and
HL HMG3 up (59 CCTTAATGAAAGGGAACGGGCTAAAATGACACAC
CTG 39), HL HMG4 down (59 GCCCGTTGGGCCCCATTAAGGTGTGTCA
CCAGGTGGG 39) and HL HMG4 up (59 CCTTAATGGGGCCCAACGGGC
TAAAATGACACACCTG 39), HL HMG5 down (59 GCCCGTTGGGTTTCC

CTAAGGTGTGTCACCAGGTGGGTGG 39) and HL HMG5 up (59 CACAC
CTTAGGGAAACCCAACGGGCTAAAATGACAC 39), HL HMG6 down (59
CATTTTAGCCCCCCCCGTTGGGTTTCATTAAGGTGTGTCACC 39) and
HL HMG6 up (59 GAAACCCAACGGGGGGGGCTAAAATGACACACCTG
AATTAACC 39), and HL HMG7 down (59 CATTTTAGCCCCCCCCCCCCC
GTTGGGTTTCATTAAGGTGTGTCACCA 39) and HL HMG7 up (59 GAA
ACCCAACGGGGGGGGGGGGGCTAAAATGACACACCTGAATTAACC
39).

DNase I footprinting. DNase I footprinting with ZEBRA and HMG-1 was
performed on the BHLF-1 promoter as previously described (8, 13). The HLZ3,4
down primer was 32P-labeled with T4 polynucleotide kinase and [g-32P]ATP. The
97-bp template was generated by PCR using 32P-labeled HLZ3,4 down and
unlabeled HLZ3,4 up primers. The radiolabeled promoter fragment was frac-
tionated on a 12% native polyacrylamide gel and purified. Full-length ZEBRA
and its DNA binding domain (D161) were purified as previously described (7).
The 13-ml reaction mixtures contained 5 fmol of the 32P-end-labeled probe, a
range of wild-type ZEBRA and D161 (from 0.6 to 200 ng) and 250 to 450 ng of
HMG-1 in binding buffer containing 12.5 mM HEPES (pH 7.9), 60 mM KCl,
12.5% glycerol, 5 mM MgCl2, 0.2 mM EDTA, 60 mM b-mercaptoethanol, 0.5 mg
of bovine serum albumin per ml, and 30 mg of poly(dGdC) per ml.

Cloning and purification of HMG-1: wild type, deletion derivatives, and the
FLAG-tagged version. Primers to the 215-amino-acid rat HMG-1 gene were
generated. The amino-terminal primer contained an NcoI restriction site, and
the carboxyl-terminal primer contained a BamHI site for subcloning. The primer
sequences were as follows: for HMG-1(N-term), 59 CCCCCATGGGCAAAGG
AGATCCTAAGAAGCC 39, and for HMG-1(C-term), 59 CCCGGATCCTTA
TTCATCATCATCATCTTCT 39. PCR was used to amplify the gene. The
650-bp PCR product was fractionated on and purified from a low-melting-point
agarose gel and subcloned into the pET11d bacterial expression vector by using
NcoI and BamHI. The HMG-1 gene was also inserted between the NdeI and
BamHI sites of pET11a by cloning the product of a two-step PCR of the
pET11d-HMG-1. This latter step was done to remove an internal NdeI site,
creating pRJ1576. HMG-1 mutations were created by PCR of pRJ1576 using the
primers listed below and then subcloned into pET11a. The following primers
were used: HMG-1 Top (59 GCGCGCGCATATGGGCAAAGGAGATCCT
AAG 39) (Met 1 at N terminus), HMG-1 Bot (59 CGCGGATCCAGGAGTGA
GTTGTGTACAGGGGGGTTA 39) (Glu 215 at C terminus), HMG-1 Nde
deletion (59 CACAAAGAATGCGTATGAGGACATTTT 39) (Ser 17-Tyr 18-
Ala 19 silent mutation), HMG-1 Box A Bottom (59 CGCGGATCCTTAGGGG
GGGATGTAGGTTTT 39) (Pro 81 at C terminus), HMG-1 Box A* Bottom (59
CGCGGATCCTTACTTCTTTTTGGTCTCCCC 39) (Lys 88 at C terminus),
HMG-1 Box B Top (59 GCGCGCGCATATGTTCAAGGACCCCAATGCCC
CCAAG 39) (Phe 89 at N terminus), HMG-1 Box B Bottom (59 CGCGGATC
CTTATTTAGCTCTGTAGGCAGCAAT 39) (Lys 161 at C terminus), and
HMG-1 Box B9 Bottom (59 CGCGGATCCTTACTTCTTTTTCTTGCTCTT
CTC 39) (Lys 185 at C terminus).

A FLAG-tagged version of HMG-1 was also constructed to enable immuno-
detection of HMG-1 by EMSA. The FLAG tag was introduced by ligation of a
double-stranded oligonucleotide encoding the FLAG peptide sequence
(MDYKDDDDKV) flanked by the NcoI and BspHI restriction sites. NcoI and
BspHI have compatible ends, and ligation of the C-terminal BspHI sequence of
the FLAG oligonucleotide to the N terminus of the NcoI-digested HMG-1 PCR
product creates a NcoI-FLAG-HMG-1 insert. Ligation of FLAG-BspI to the
NcoI HMG-1 PCR product destroys the NcoI site between the FLAG and
HMG-1 gene and leaves only the N-terminal NcoI located 59 to the FLAG tag
sequence. The NcoI-FLAG-HMG-1 gene was subcloned both into the pBXG0
mammalian expression vector (13), which contains the simian virus 40 (SV40)
promoter and enhancer, and into pET11d using NcoI and BamHI. The primers
used were as follows: FLAG Top (59 CATGGACTACAAGGACGACGACGA
CAAGGCCTCCGT 39) and FLAG Bot (59 CATGACGGAGGCCTTGTCGT
CGTCGTCCTTGTAGTC 39).

Recombinant HMG-1, HMG-1 derivatives, and FLAG–HMG-1 were ex-
pressed in RJ1878 (BL21 DE3 hupA::cm hupB::kn) (41). HMG-1 synthesis was
induced for 3 h at 37°C in Luria broth when the cells reached an optical density
at 595 nm of 0.5 by the addition of 1 mM isopropyl-b-D-thiogalactopyranoside
(IPTG). Two liters of cells were disrupted by sonication in a 1/10 volume of 20
mM Tris-HCl (pH 7.5), 150 mM NaCl, 2 mM dithiothreitol (DTT), 1 mM
EDTA, 1 mM phenylmethylsulfonyl fluoride, and 1 mM benzamidine. The ex-
tract was clarified by centrifugation at 30,000 3 g for 20 min, and the NaCl
concentration was increased to 1 M. Polyethyleimine (Sigma) was added to a
concentration of 0.3%, and the nucleic acids were removed by centrifugation at
30,000 3 g for 20 min. Residual polyethyleimine was removed by the addition of
20% (vol/vol) cellulose phosphate P-11 (Whatman) and cleared by centrifugation
at 20,000 3 g for 20 min. The supernatant was dialyzed overnight against 0.1 M
buffer A (20 mM Tris-HCl [pH 7.5], 1 mM DTT, 1 mM EDTA, 10% glycerol plus
0.1 M NaCl). The dialysate was passed through a 4-ml S-Sepharose (Pharmacia)
column equilibrated with the same buffer. HMG-1 proteins were eluted in a
30-ml linear gradient from 0.1 M to 1.0 M NaCl in buffer A. Fractions were
analyzed on a sodium dodecyl sulfate (SDS)–12% polyacrylamide gel by staining
with Coomassie blue.

Fractions that contained HMG-1 box A, A*, B, B9, AB, and AB9 were pooled
and subjected to 2% trichloroacetic acid precipitation at 0°C for 30 min to
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remove contaminating proteins. After centrifugation for 30 min at 30,000 3 g the
supernatant was adjusted to 10% trichloroacetic acid and the homogenous
HMG-1 proteins were recovered by centrifugation as before. The precipitate was
washed with acetone, dried briefly, and resuspended in buffer B (20 mM HEPES
[pH 7.5], 0.1 M NaCl, 1 mM DTT, 1 mM EDTA, and 50% glycerol) and dialyzed
overnight into the same buffer.

Fractions containing HMG-1, HMG-1 box B0, AB0, and FLAG-HMG-1 were
pooled and dialyzed overnight against 0.1 M buffer A. The dialysate was passed
through a 4-ml DEAE-Sepharose (Pharmacia) column equilibrated with the
same buffer. HMG-1 proteins were eluted in a 30-ml linear gradient from 0.1 M
to 1.0 M NaCl in buffer A. Fractions were analyzed on an SDS–12% polyacryl-
amide gel by staining with Coomassie blue. Fractions containing the HMG-1
proteins were subjected to trichloroacetic acid precipitation as described above.
Proteins were quantitated by laser densitometry of SDS-polyacrylamide gels
stained with Coomassie blue using a titration of native bovine HMG-1 as a
standard (42). The presence of FLAG-HMG-1 was confirmed by Western blot-
ting with anti-FLAG antibodies.

Ligase-mediated circularization assays. Ligation assays were conducted to
determine the functional activity of HMG-1 and HMG-1 derivatives as described
by Yen et al. (58). Briefly, 98-bp fragments were created by PCR with reaction
mixtures containing [a-32P]dATP of pRJ551-76 as described previously (26).
After digestion with EcoRI, the 98-bp fragments were purified in a 10% poly-
acrylamide gel. A total of 0.2 ng of the 98-bp DNA was incubated with HMG-1
derivatives in 50 mM HEPES (pH 7.5), 50 mM potassium glutamate, 10 mM
magnesium acetate, and 1 mM ATP. Four units of T4-DNA ligase (New England
Biolabs) was added for 10 min, and the reactions were terminated by incubation
at 65°C for an additional 10 min. Exonuclease III (10 U; New England Biolabs)
was added to the reaction mixtures to confirm the circularization of the DNA.
Products were electrophoresed on an 8% acrylamide gel, dried, and subjected to
quantitation by ImageQuant software.

Transient transfections. The mammalian SV40-based expression plasmids
pBXG0-ZEBRA and pBXG0-HMG-1 (13) were employed in the transient trans-
fection assays. The wild-type HLZ3,4 enhancer region of BHLF-1, from posi-
tions 277 to 2174, and promoter mutants generated within this region were
subcloned into the previously described E4T-Lux construct (30) by using SacI
and PstI restriction sites. A total of 50 ng of each reporter template was cotrans-
fected into the baby hamster kidney cell line (BHK21) by using TRX-10 (Pro-
mega) with 500 ng of pBXG0-ZEBRA or 1 mg of pBXG0-HMG-1 or both. All
DNA concentrations were normalized on an agarose gel before transfection, and
the total effector DNA in each experiment was normalized with pBXG0. Cells
were harvested 48 h after transfection, lysed using a Luciferase Assay System kit
(Promega), and assayed for luciferase activity according to instructions from the
manufacturer. The level of transcription generated by the reporter template
alone was considered basal transcription. The relative activation was calculated
by subtracting the level of transcription achieved in the presence of effector
plasmids from the basal level of transcription. All experiments were done in
triplicate, and the results are averages from three sets of transfections.

EMSAs. EMSAs were performed on the wild-type HLZ3,4 and the HMGD2
promoters with the conditions described for the DNase I footprinting reactions
(13). A saturating amount of D161 (7) was 25 ng, while a subsaturating amount
was 0.4 ng. The amount of HMG-1 or FLAG-HMG-1 used was 12 ng. The
32P-end-labeled promoters were generated by PCR and incubated with the
indicated amounts of protein for 30 min at 30°C. FLAG antibody (Sigma) was
added to the reaction mixtures as indicated in the figure legends and incubated
for an additional 30 min at 30°C. The samples were fractionated on a 6% native
polyacrylamide gel in 0.53 Tris-borate-EDTA (TBE) containing 1% glycerol,
dried, and exposed to XAR-5 film with an intensifying screen.

Hydroxyl radical footprinting. Hydroxyl radical footprinting was performed as
described previously (28), and the cleavage products were resolved on a 10%
polyacrylamide–7 M urea sequencing gel electrophoresed in 13 TBE. A 5-fmol
quantity of either the 32P-end-labeled wild-type HLZ3,4 promoter or the
HMGD2 promoter mutant was incubated for 1 h at 30°C in binding buffer
containing 12.5 mM HEPES (pH 7.9), 60 mM KCl, 0.3 mM MgCl2, 0.2 mM
EDTA, 0.01 mM b-mercaptoethanol, 0.5 mg of bovine serum albumin per ml,
and 30 mg of poly(dGdC) per ml, with saturating amounts of D161 (800 ng) or a
titration of subsaturating amounts from 50 ng to 200 ng. Glycerol was removed
from the HMG-1 preparation by passing it through a Bio-Spin 6 (Bio-Rad)
chromatography column. Note that to observe protein protections by using
hydroxyl radical the concentrations of all the proteins were increased. The
amount of D161 ranged from 50 to 800 ng and the amount of HMG-1 equaled
450 ng. DNase I footprinting was performed in parallel under the hydroxyl
radical footprinting conditions to ensure that HMG-1 was binding and main-
tained its cooperative effect on D161.

To quantitate the hydroxyl radical protections, individual bands generated by
the cleavage reaction were quantitated using ImageQuant software. The values
obtained represented the intensities of each band and were normalized in each
experiment to the lane which contained the darkest bands. These values were
then compared to the intensity of the bands generated in the absence of protein
and the percent saturation or protection was calculated. The results shown are
averages of three experiments.

RESULTS

HMG-1 generates a specific DNase I footprint on the
BHLF-1 promoter. Our rationale for studying the EBV lytic
cycle as a model for differential transcription by polymerase
(pol II) is based on three facets of the virus, as follows: a
well-established genetic profile; compact enhancers and pro-
moters; and the observation that lytic genes are controlled
largely by two activators called ZEBRA and Rta, although in
some instances, cellular activators like Sp-1 contribute to the
regulation (13). In the course of analyzing HMG-1-mediated
binding of recombinant ZEBRA to the viral BHLF-1 pro-
moter, we observed a novel DNase I footprint between two
adjacent ZEBRA binding sites. We tentatively attributed the
protection to HMG-1 because it was not observed with satu-
rating concentrations of ZEBRA alone (13). The possibility
that a purportedly nonspecific DNA binding protein was bind-
ing in a sequence-specific fashion was intriguing. Previous
studies had suggested that HMG-1 binds DNA with little se-
quence dependence (4, 5). An understanding of how HMG-1
influences ZEBRA binding could provide a framework for
determining how HMG-1 affects other specific DNA binding
reactions (3, 13, 20, 29, 38, 39, 51).

BHLF-1 is expressed early in the EBV lytic cycle and en-
codes an abundant mRNA. The regulatory region bears, in
addition to a pol II promoter, the EBV origin of replication.
BHLF-1 is expressed at high levels and contains a potent pol II
promoter when studied in vitro and in vivo (27). The BHLF-1
proximal promoter region contains two pairs of ZEBRA sites,
Z-1 and Z-2, between position 250 and 274, and Z-3 and Z-4,
between positions 2106 and 2146 (Fig. 1A). We have previ-
ously shown that incubation of recombinant ZEBRA and
HMG-1 led to stimulation of ZEBRA binding to Z-1 through
Z-4. As we noted previously (13), a putative HMG-1 DNase I
footprint was observed between Z-3 and Z-4.

The HMG-1 footprint is best illustrated by comparing the
binding of ZEBRA to Z-3 and Z-4 of BHLF-1 in the presence
and absence of a fixed concentration of HMG-1 (Fig. 1B).
Although the footprinting was performed in the context of Z-1
and Z-2, Fig. 1B and C show only the region bearing Z-3 and
Z-4. Figure 1B, lane 2, shows the two distinct ZEBRA foot-
prints observed with saturating concentrations of ZEBRA in
the absence of HMG-1. As the ZEBRA concentration was
lowered HMG-1 elicited two effects. First, it permitted ZE-
BRA to fill Z-3 and Z-4 at significantly lower concentrations
(16-fold), illustrating the cooperative effect of HMG-1 on ZE-
BRA binding (Fig. 1B, compare lanes 3 to 6 with lanes 7 to 10).
Second, HMG-1 led to a new footprint between Z-3 and Z-4
(Fig. 1B, compare lanes 2 and 10). Even at extremely high
concentrations ZEBRA did not occupy the region between Z-3
and Z-4, suggesting that the new footprint was due to binding
by HMG-1. A reciprocal titration with HMG-1 is presented in
Fig. 1C. Here, ZEBRA was present at subsaturating concen-
trations and HMG-1 concentration was varied (Fig. 1C, com-
pare lanes 3 to 7 with lanes 8 to 12). As the concentration of
HMG-1 was increased it promoted both ZEBRA and its own
binding. Although ZEBRA could bind on its own at high
concentrations, we did not observe a strong HMG-1 footprint
in the absence of ZEBRA (Fig. 1B, compare lanes 10 and 11,
and Fig. 1C, compare lanes 7 and 12). The cooperative effect
was specific for HMG-1 (or HMG-2; data not shown) because
ZEBRA binding was not stimulated by titration over a wide
range of three other HMG box-containing proteins, including
LEF-1 and the yeast HMG-box proteins NHP6A and HMO-1
(data not shown). Based on these observations, we conclude
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that HMG-1 and ZEBRA are binding cooperatively and spe-
cifically.

HMG-1 mediates pairwise cooperativity by ZEBRA. To
demonstrate that the HMG-1 DNase I footprint was indeed
dependent on the flanking ZEBRA sites we performed two
experiments. Figure 2A shows that a 97-bp DNA fragment
bearing Z-3 and Z-4, in the absence of Z-1 and Z-2, was
sufficient for the HMG-1-mediated cooperative binding of ZE-
BRA (Fig. 2A). High concentrations of pure recombinant ZE-
BRA (amino acids 2 to 245) fully protected Z-3 and Z-4 from
DNase I digestion (Fig. 2A, lane 2), while lower concentrations
(Fig. 2A, lanes 3 to 5) revealed significantly weaker protection.
At these lower levels, HMG-1 promoted cooperative binding
of ZEBRA to Z-3 and Z-4 and generated the putative HMG-1
footprint between the sites (Fig. 2A, lanes 6 to 8). We conclude
that Z-1 and Z-2 are not necessary for the HMG-1 footprint or
its effect on Z-3 and Z-4.

In the second experiment, we demonstrated that both ZE-
BRA sites were necessary for the HMG-1 effect (Fig. 2B).
Promoter mutants were generated bearing base substitutions
in one or the other site, creating DZ-3 and DZ-4, respectively.
Neither of the mutant sites prevented high concentrations of

ZEBRA from binding to the remaining site in the absence of
HMG-1 (Fig. 2B, lanes 6 and 10). However, in contrast to the
wild-type promoter (Fig. 2B, lane 4), both the HMG-1 DNase
I footprint and HMG-1’s cooperative effect on ZEBRA bind-
ing were abolished on the mutants when ZEBRA concentra-
tions were limiting (Fig. 2B, lanes 8 and 12). We conclude that
a pair of ZEBRA sites is necessary for the cooperative effect of
HMG-1 on ZEBRA binding to Z-3 and Z-4 and for the recip-
rocal stimulation by ZEBRA of HMG-1 binding to the inter-
vening DNA segment.

Z-DBD is sufficient for cooperative binding. ZEBRA be-
longs to the bZIP family of transcriptional activators and con-
tains an N-terminal activation domain from amino acids 1 to
167. To determine if the activation domain of ZEBRA was
required for cooperative binding, we employed a ZEBRA de-
letion mutant, which lacks the first 161 amino acids, called
D161 (7). Increasing concentrations of D161 (ZEBRA DNA
binding domain [Z-DBD]), bearing amino acids 161 to 245 of
ZEBRA, were incubated alone or with recombinant HMG-1 in
a standard DNase I footprinting assay. Fig. 2C shows that
HMG-1 can facilitate cooperative binding of D161 up to 16-
fold, a response analogous to the effect observed with intact

FIG. 1. HMG-1 binds to a specific site in the BHLF-1 proximal promoter. (A) Schematic representation of the BHLF-1 promoter. The ZEBRA sites are numbered
Z-1 through Z-4, where Z-1 represents the site most proximal to the start of transcription. A bracket represents the 97-bp region (HLZ3,4) subcloned for use in Fig.
2 to 6. (B) HMG-1 induces cooperative binding of ZEBRA and generates a novel DNase I footprint from positions 2122 to 2134. A 32P-labeled promoter fragment
from positions 138 to 2174, bearing Z-1 through Z-4, was incubated with the proteins indicated and subjected to DNase I footprinting analysis. An autoradiograph
of the polyacrylamide-urea sequencing gel surrounding the Z-3 and Z-4 footprints is shown. Lane 1, cleavage pattern of naked DNA; lanes 2 to 6, twofold decreasing
titration of ZEBRA from 10 to 0.6 ng of protein; lanes 7 to 10, the last four points of the same titration of ZEBRA in the presence of 250 ng of HMG-1; lane 11, 250
ng of HMG-1 alone. (C) ZEBRA induces cooperative binding of HMG-1. Lane 1, DNase I cleavage ladder of naked DNA; lane 2, cleavage pattern generated in the
presence of a subsaturating concentration of ZEBRA (2.5 ng) alone; lanes 3 to 7, footprints elicited by twofold increasing concentrations of HMG-1 (31 to 500 ng);
lanes 8 to 12, the same titration of HMG-1 in the presence of 2.5 ng of ZEBRA. In the volumes used, 2.5 ng of ZEBRA corresponds to a dimer concentration of 3.5
nM.
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ZEBRA. This observation suggests that HMG-1 acts as a load-
ing factor for ZEBRA and that its role in enhanceosome as-
sembly is to facilitate cooperative binding to the promoter
when ZEBRA is limiting (for elaboration on this point, see
Discussion).

Domain requirements of HMG-1. Both HMG boxes (A and
B) are required for cooperative binding. Previous studies have
suggested that the A and B domains function independently in
DNA binding and bending assays (21, 47, 56, 59). To identify
the domains required for the cooperative effect, we con-
structed a series of recombinant HMG-1 deletion derivatives.

FIG. 2. Both ZEBRA binding sites are required for HMG-1-induced coop-
erative binding of ZEBRA. (A) HMG-1 and ZEBRA bind cooperatively to Z-3
and Z-4. The 32P-labeled 97-bp (Fig. 1A) DNA fragment, bearing Z-3 and Z-4,
was incubated with the proteins indicated and subjected to DNase I footprinting
analysis. Lane 1, DNase I cleavage pattern of naked DNA; lane 2, protection of
Z-3 and Z-4 at saturating concentrations of ZEBRA (100 ng); lanes 3 to 5,
footprints generated by twofold decreasing steps of ZEBRA (2.5 to 0.6 ng); lanes
6 to 8, footprints generated by ZEBRA (2.5 to 0.6 ng) in the presence of 250 ng
of recombinant HMG-1. Note the HMG-1 footprint between the ZEBRA sites
in lanes 6 to 8. (B) Mutation of individual ZEBRA binding sites abolishes
cooperative binding of ZEBRA and HMG-1. The cooperative binding effect of
HMG-1 on ZEBRA to the wild-type (WT) 97-bp promoter fragment is shown in
lanes 1 to 4. In the context of the DZ-3 and DZ-4 promoter mutants, HMG-1 was
no longer able to facilitate cooperative binding of ZEBRA (2.5 ng), as shown in
lanes 5 to 8, where Z-3 has been mutated (DZ-3), or in lanes 9 to 12, where Z-4
has been mutated (DZ-4). Note in lanes 6 and 10 that ZEBRA binds to the
remaining site in the mutant promoters when saturating concentrations of pro-
tein (100 ng) were used. (C) The Z-DBD is sufficient to mediate cooperative
binding. The Z-DBD (D161) was not added (lane 1) or was added in twofold
decreasing steps ranging from 24 to 3 ng either alone (lanes 2 to 5) or in the
presence of 250 ng of HMG-1 (lanes 6 to 9). A 3-ng quantity of the Z-DBD
corresponds to a dimer concentration of approximately 12 nM.
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Each of the derivatives was purified to near homogeneity and
assayed for DNA bending activity by ligase-mediated circular-
ization assays on a 98-bp DNA fragment. Intact HMG-1 pro-
moted bending of more than 80% of input DNA at a molar
ratio of 160:1. HMG-1, AB, and AB9 bent DNA identically to
wild-type, while single HMG boxes required higher concentra-
tions of protein to facilitate bending (Fig. 3A). Other groups
have also demonstrated that intact HMG-1 can form circles
more effectively than single HMG-1 domains and that slight
variations of bending may be attributed to exact boundaries of
each HMG-1 domain and to the preparation of protein (21, 50,
54).

Only HMG-1 derivatives that contained both boxes A and B
were able to facilitate cooperative binding and generate spe-
cific protections between Z-3 and Z-4 in DNase I footprinting
experiments (Fig. 3B, lanes 4 to 11). Addition of up to 10 times
more of each of the remaining single-box derivatives also failed
to stimulate ZEBRA binding, suggesting that their lack of
activity in this assay is not due to reduced binding. Moreover,
each of these derivatives was able to promote cooperative
binding of the Rta activator to the distal enhancer region of
BHLF-1 (K. Mitsouras and M. Carey, unpublished data). The
yeast HMG homologue NHP6A, which has only a single HMG
box but a greater specific activity in circularization assays than
HMG-1, was also unable to stimulate ZEBRA binding (data not
shown). We conclude that both domains of HMG-1 are required
to promote cooperative binding of ZEBRA at Z-3 and Z-4.

Context-dependent, sequence-specific binding of HMG-1.
Mutagenesis revealed that HMG-1 bound DNA specifically
between Z-3 and Z-4. We constructed two promoter mutants,
HMGD1 and HMGD2, that spanned the 13-bp HMG-1 DNase
I footprint. The footprint is a minimum estimate because it

overlaps the ZEBRA protection of Z-3 and Z-4. Nevertheless,
the size is consistent with previous data suggesting that
HMG-1 can bind to a 15- to 18-bp region (46). The mutations
were constructed by substituting cytosine residues for the nat-
ural DNA sequence. The rationale was twofold. First, inserting
AT-rich sequence is believed to generate intrinsic flexibility in
the DNA (10), an effect that might influence HMG-1 binding.
Second, we did not wish to generate pyrimidine/purine (Y/R)
steps, which were hypothesized to serve as weak recognition
sites for the HMG-1 or -2 class of protein (2, 9). In HMGD1
the first 6 bp of the HMG-1 binding site were substituted, and
in HMGD2, the last 7 bp were substituted (see Fig. 4C). The
substitution mutations in HMGD1 and HMGD2 did not dis-
rupt binding of ZEBRA when it was present at saturating
concentrations (Fig. 4A, lanes 2, 6, and 10). However, when
subsaturating concentrations of ZEBRA were used, HMG-1
failed to stimulate strong cooperative binding (Fig. 4A, com-
pare lanes 3 and 4, 7 and 8, and 11 and 12). HMGD1 elicited
a weak effect on ZEBRA binding, while HMGD2 eliminated
cooperative binding altogether.

The binding defect of the HMGD2 mutant was paralleled by
reduced transcription in transient transfection assays. On a
luciferase reporter template bearing Z-3 and Z-4 upstream of
the adenovirus E4 core promoter (HLZ3,4-E4-Lux), we ob-
served a 12- to 15-fold increase in the level of transcription
when the effector plasmids expressing ZEBRA and HMG-1
were cotransfected (Fig. 4B). The activation was not due to
augmented levels of HMG-1 or ZEBRA. Both proteins were
expressed from the SV40 enhancer, and neither influenced
transcription from an SV40–b-galactosidase reporter (data not
shown). In contrast, when the HMGD2 mutant promoter was
cotransfected, the reporter response was five- to sixfold. The

FIG. 3. Both HMG boxes of HMG-1 are required to mediate cooperative binding of ZEBRA. (A) The relative DNA-bending activities of the deletion derivatives
in ligase-mediated circularization assays are given. 111, wild-type levels of bending; 11, a threefold increase in protein concentration is required to reach wild-type
bending efficiency; 1, an approximately 10-fold increase in protein concentration is required to reach wild-type bending efficiency. (B) DNase I footprinting reveals that
both HMG boxes (A and B) are required for cooperative binding of ZEBRA. Lane 1, cleavage ladder generated by DNase I on naked DNA; lane 2, protections of
Z-3 and Z-4 in the presence of saturating concentrations of ZEBRA (100 ng); lane 3, protections observed with subsaturating concentrations of ZEBRA (2.5 ng); lanes
4 to 11, protections induced upon incubation of 250 ng of each HMG-1 deletion derivatives in the presence of 2.5 ng of ZEBRA.

4364 ELLWOOD ET AL. MOL. CELL. BIOL.



mutation also decreased activation by ZEBRA alone, suggest-
ing that endogenous HMG-1 was influencing activity. Taken
together, these data demonstrate a correlation between the
HMG-1 binding in vitro and activation in transfection assays.

FIG. 4. HMG-1 binding to DNA requires a specific sequence. (A) Mutations
to sequences between Z-3 and Z-4 are deleterious to HMG-1 binding and reduce
its ability to stimulate cooperative binding of ZEBRA. The effect of HMG-1 was
measured on the unaltered promoter (WT) and two mutants, termed HMGD1
and HMGD2, encompassing the HMG-1 DNase I footprint. No protein (lanes 1,
5, and 9) or saturating amount of ZEBRA (100 ng) (lanes 2, 6, and 10), a
subsaturating amount of ZEBRA (2.5 ng) (lanes 3, 7, and 11), or 2.5 ng of
ZEBRA and 250 ng of HMG-1 (lanes 4, 8, 12) were incubated with the DNA
fragments indicated (see text for details about the promoter mutants) and sub-
jected to cleavage by DNase I. HMGD1 and HMGD2 failed to support either
HMG-1 binding or cooperative binding of ZEBRA (lanes 8 and 12). (B)
HMGD2 failed to support HMG-1-stimulated transcription. Quantities (50 ng
each) of reporter templates bearing the wild-type HLZ3,4-promoter fragment
upstream of E4-Lux or the HMGD2 mutant were cotransfected via lipofection
into BHK21 cells either in the presence or absence of 500 ng of pBXG0-ZEBRA
or 1,000 ng of pBXG0-HMG-1 or both together. Luciferase activity was deter-
mined (relative luciferase units), and the relative activation of each reporter in
the presence or absence of a specific effector was calculated by subtracting out
the basal level of activity. The results shown are the averages of three experi-
ments. (C) Refining the HMG-1 target sequence. DNase I footprinting was
performed on the listed promoter mutants (see text for details) and the fold
cooperativity was calculated based on titrations of ZEBRA (10 to 0.6 ng) in the
presence and absence of 250 ng of HMG-1. The underlined regions represent the
positions of the mutations in D3, D4, and D5. D6 and D7 represent insertion
mutants of 15 and 110 bp. (D) Increased DNA flexibility does not bypass the
requirement for HMG-1 in promoting cooperative binding of ZEBRA. Hetero-
duplex DNA was generated by mixing equal volumes of the wild-type 32P-end-
labeled HLZ3,4 promoter with either the HMGD1 or HMGD2 mutant promot-
ers. The mixtures were then heated at 93°C for 3 min and allowed to cool slowly
to room temperature. Samples were then fractionated on a mutation detection
enhancement gel, which separates the parental homoduplexes from the hetero-
duplexes (49). The heteroduplex DNAs were purified and validated by digestion
with 1 U of mung bean nuclease for 10 min, followed by polyacrylamide-urea gel
analysis. Arrows point to the positions of cleavage at the heteroduplex region.
These probes were employed in DNase I footprinting assays. The heteroduplex
joints did not stimulate ZEBRA binding versus the parental probes and sup-
ported only a modest effect when HMG-1 was added. The fold cooperativity in
the presence of HMG-1 was calculated and is summarized.
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To further delineate the DNA sequences required for
HMG-1 binding, we constructed a series of 3-bp, cytosine sub-
stitution mutations, which spanned the original HMGD1 and
HMGD2 promoter mutants. These additional mutants are
called HMGD3, -4, and -5 (Fig. 4C). The mutants were sub-
jected to DNase I footprinting analysis. The HMG-1-induced
cooperative binding of ZEBRA (specifically to Z-4) was quan-
titated by densitometry. On the intact wild-type promoter, 16-
fold-higher concentrations of ZEBRA were required to fill Z-3
and Z-4 in the absence of HMG-1. The HMGD3 mutant elic-
ited approximately the same level of cooperativity as the intact
promoter. However, the HMGD4 and HMGD5 promoter mu-
tants, which span the original HMGD2 mutant, were severely
compromised (twofold and no cooperativity, respectively).

The precise spacing of the ZEBRA sites is necessary for the
cooperativity. When the helical phase of the DNA was altered
by inserting 5 bp between Z-3 and Z-4 (HMGD6) (Fig. 4C), the
cooperative effect of HMG-1 was abolished. Paradoxically, the
cooperative effect was not restored by addition of 10 bp
(HMGD7) (Fig. 4C), which would restore the helical phase but
further increase the spacing between the ZEBRA binding
sites. This result contrasts with that of a similar experiment on
the TCR-a enhancer with LEF-1 (18). The cooperative effect
of LEF-1 on PEBP2a-Ets-1 and ATF-CREB binding could be
abolished by insertion of a helical half increment but restored
upon insertion of a full increment.

Figure 4D summarizes the effect of creating heteroduplex
joints in the HMG-1 binding site. Studies by Kahn and Croth-
ers have demonstrated that heteroduplex joints can enhance
flexibility of DNA, and we predicted that such enhanced flex-
ibility might contribute to cooperative ZEBRA binding in the
absence of HMG-1 or an increased cooperative effect of
HMG-1 (33). Figure 4D shows the results of an experiment
confirming that the purified heteroduplexes contained melted
regions at the appropriate positions. In this experiment, 32P-
labeled probes bearing the wild-type and either D1 or D2 mu-
tants were mixed, heated, and reannealed. The heteroduplexes
were separated from the parental molecules with mutation
detection enhancement gels (49). The purified heteroduplexes
were subjected to mung bean nuclease cleavage to confirm the
melting at the predicted locations. We found that the hetero-
duplex did not enhance binding of ZEBRA in the absence of
HMG-1 (data not shown). Notably, however, a small effect of
HMG-1 on ZEBRA binding was observed on both heterodu-
plex molecules. This may have been due to HMG-1’s ability to
bind residually to the specific sequence or to HMG-1’s ability
to bind single-stranded DNA within the heteroduplex. Never-
theless, we conclude that enhanced flexibility does not substi-
tute for or enhance the HMG-1 effect on ZEBRA.

EMSA of HMG-1-ZEBRA complexes. Figure 5 shows the
result of an EMSA employed to further demonstrate that
HMG-1 binds cooperatively with ZEBRA. HMG-1 was sub-
cloned and tagged with the FLAG antigen at its amino termi-
nus to enable detection by antibody supershifts. The ZEBRA
DNA binding domain D161 was used in place of ZEBRA
because we reasoned that its small size would facilitate detec-
tion of ternary complexes by EMSA.

Lanes 2 and 3 of Fig. 5A show the complexes resulting from
addition of saturating and subsaturating concentrations of
D161 on the wild-type DNA fragment. At subsaturating con-
centrations, complex 1 was the predominant species, while
complexes 2 and 3 were present at lower levels. Complex 1
appears to represent binding of a single ZEBRA molecule
since it was the only complex observed when mutants in one or
the other ZEBRA site were used (DZ-3 and DZ-4 mutants
from Fig. 2B, data not shown). On the wild-type fragment,

saturating concentrations of ZEBRA led to increased amounts
of complexes 2 and 3. We believe, based on binding studies of
the lac repressor and Escherichia coli CAP proteins (17, 35),
that complexes 2 and 3 represent DNAs bound to two mole-
cules of ZEBRA, which are either interacting or not. Although
we cannot unambiguously distinguish between the complexes,
to do so is not critical to our argument.

Three observations suggest that HMG-1 is a component of
the complex with ZEBRA and DNA, as follows: (i) when
HMG-1 was added to the reactions it enhanced D161 binding
and generated a supershift to complex 4 (Fig. 5A, compare
lanes 3 and 4). The supershift coincided with disappearance of
complex 1 and a diminution in the amounts of complexes 2 and
3. Complex 4 was not evident at high concentrations of ZE-
BRA alone, supporting the idea that complex 4 reflected bind-
ing of HMG-1 (Fig. 5A, compare lanes 2 and 4). HMG-1 is a
relatively nonspecific DNA binding protein on its own, and we
were concerned that it might be supershifting the complexes in
a nonspecific manner. However, we believe that the small
amount of HMG-1 binding nonspecifically in lane 5 does not
account for the larger amount of complex 4 formed in the
presence of ZEBRA. (ii) Complex 4 did not form when the
HMGD2 mutant was employed in the binding assays (Fig. 5,
compare lanes 8 and 9), demonstrating that HMG-1 did not
influence D161 binding nonspecifically. (iii) Finally, when
FLAG-HMG-1 was used in place of HMG-1 it also promoted
cooperative binding of D161 to Z-3 and Z-4 and induced a
supershift to complex 4 (Fig. 5B, lanes 12 to 16). Addition of
FLAG antibody led to a further supershift to complex 5 on the
wild-type DNA fragment but not on the HMGD2 promoter
mutant (Fig. 5B, compare lanes 16 and 18). For reasons that
we do not understand, despite the addition of large amounts of
antibody, complex 4 was not quantitatively shifted to complex
5, although complex 4 was diminished in intensity on the au-
toradiograph. We conclude that HMG-1, ZEBRA, and the
DNA fragment form a ternary complex.

Hydroxyl radical footprint of HMG-1. Hydroxyl radical foot-
printing confirmed that HMG-1 was binding to specific se-
quences in the region between Z-3 and Z-4. Hydroxyl radical
footprinting is used to probe DNA-protein interactions along
the sugar-phosphate backbone. Hydroxyl radical is a particu-
larly appropriate footprinting reagent because HMG-1 binds
predominantly in the minor groove. Furthermore, a previous
structural study had shown that HMG-1 generates a strong
hydroxyl radical footprint on cisplatinated DNA (40). Con-
versely, ZEBRA, a bZIP family protein, binds primarily in the
major groove (11, 19), where hydroxyl radical does not typi-
cally generate strong footprints (53).

A DNase I footprint was performed alongside the hydroxyl
radical as a control. Saturating concentrations of D161 fully
protected Z-3 and Z-4 (Fig. 6, left panel, lane 3), while lower
concentrations generated weaker protection (Fig. 6, lanes 4 to
6). Moreover, HMG-1 promoted cooperative binding of D161
binding (Fig. 6, compare lanes 4 to 6 with lanes 7 to 9). Al-
though these results were consistent with those of previous
experiments, interestingly, at the high concentrations of HMG-1
used here, several weak protections were observed along the
length of the fragment (Fig. 6, lane 10) even in the absence of
ZEBRA. One of these protections was over the HMG-1 site, a
point we return to (see Discussion) because it bears on the issue
of rudimentary sequence preferences by HMG-1.

Hydroxyl radical footprinting reactions performed in paral-
lel are shown in the middle panel of Fig. 6, where lanes 1 and
2 represent naked DNA cleaved for 2.5 or 5 min. When D161
and HMG-1 were incubated together as shown in Fig. 6, mid-
dle panel, lanes 6 to 8, two ;5-bp protected regions were
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observed within the HMG-1 binding site (i.e., defined in Fig. 2
to 4 by DNase I footprinting and mutagenesis). Previous stud-
ies showed that hydroxyl radical footprints of Box A on cispla-
tinated DNA were 4 to 5 bp in size (40). This observation
suggested that the ;5-bp protections spanning the HMG-1
footprint in BHLF-1 might represent binding of each HMG
box.

Hydroxyl radical footprinting on the HMGD2 mutant pro-
moter confirmed the specificity of the footprints. As shown in
Fig. 6, right panel, lanes 1 to 9, the protections that map to the
HMG-1 site on the wild-type probe were not observed on
HMGD2. The intensity of the bands generated by hydroxyl
radical footprinting on both the wild-type and HMGD2 pro-
moters were quantitated and normalized, and the percent sat-
uration of each band was determined. The wild-type promoter
displayed protections dependent upon HMG-1 from positions
18 to 30, where base pairs at positions 20 and 25 to 27 were
nearly 100% protected as measured by densitometry. Taken
together, the data suggest that HMG-1 binds at specific loca-
tions along the DNA backbone between Z-3 and Z-4.

DISCUSSION

The ability of HMG-1 to bind cooperatively and specifically
in certain contexts was predicted, but direct evidence for spe-

cific binding by HMG-1 has not been reported in the literature
(22, 23). Previously, HMG-1 and -2 have been shown to stim-
ulate DNA binding by several sequence-specific transcription
factors, including p53, the steroid receptors, and Hox proteins
(3, 32, 52, 60, 61). In those cases, however, HMG-1 and -2
bound the transcription factor in solution and assisted the
factor in targeting its site—sequence-specific HMG-1 binding
was not demonstrated. Here, we show that HMG-1 is binding
DNA at a specific site and stimulating cooperative interaction
of the two flanking ZEBRA dimers. This result provides a
system for elucidating the mechanism of the effect of HMG-1
and -2.

To model the binding of HMG-1 we superimposed the ZE-
BRA and HMG-1 sites onto a schematic of a typical B-DNA
helix (Fig. 7A). The sequences altered in the HMGD1 and
HMGD2 promoter mutants (from Fig. 4) are shown in gray.
The numbers on the side of the helix correspond to the se-
quence positions quantitated in the hydroxyl radical footprint-
ing experiment of Fig. 6. The minor groove hydroxyl radical
protections are projected onto the helix as open (weak) and
closed (strong) circles. The protections position HMG-1 on the
opposite side of the helix as ZEBRA, when measuring from
the centers of Z-3 and Z-4. By assuming that HMG-1 induces
a bend towards the major groove, as shown schematically in
Fig. 7B, the binding of HMG-1 would be predicted to bring the

FIG. 5. HMG-1 forms a ternary complex with ZEBRA and the HLZ3,4 promoter fragment. EMSAs on the wild-type (WT) HLZ3,4 and mutant HMGD2 promoters
were performed as described in Materials and Methods. Panels A and B represent lanes from the same gel except panel B is a darker exposure of selected lanes. Lane
1, the migration of free probe through a native 6% polyacrylamide gel; lanes 2 and 3, complexes formed on the wild-type HLZ3,4 promoter with saturating (25 ng)
and subsaturating amounts (0.4 ng) of D161, respectively; lanes 4, 9, and 13, 12.5 ng of HMG-1 or FLAG-HMG-1 incubated with subsaturating D161 (0.4 ng); lanes
5 and 14, binding of HMG-1 and FLAG-HMG-1 alone (12.5 ng) to the wild-type HLZ3,4 probe; lane 10, HMG-1 (12.5 ng) binding to the mutant HMGD2 probe; lanes
16 and 18, FLAG antibody added to complexes incorporating FLAG-HMG-1 with either the WT (lane 16) or the HMGD2 (lane 18) promoter. Note that the HMGD2
DNA template failed to induce cooperative binding of ZEBRA and the HMG-1-supershifted complexes seen with the wild-type template (compare lanes 3 and 4 and
8 and 9). A schematic diagram of the various complexes is shown to the left and is explained in Results.
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ZEBRA sites into direct apposition, facilitating an interaction
that would lead to cooperative binding. A similar model has
been proposed for HMG-1 in VDJ recombination by RAG-1
and -2 at the 23-bp recombination signal sequence (1, 51).

A strict level of control must be superimposed if genes are to
rely on the non-sequence-specific architectural factors for reg-
ulation. We imagine that such regulation is achieved through a
combination of a low intrinsic affinity coupled with cooperat-
ivity to augment binding. Such a mechanism would be sufficient
to generate specific responses in the appropriate contexts.
There are two models for how this might work in the case of
ZEBRA and HMG-1. In the first model, two ZEBRA mole-
cules bind first to the DNA and weakly interact. This interac-
tion results in a transient bend, which in turn recruits HMG-1.
In the second model, HMG-1 binds first and actively induces
the bend by binding to a rudimentary recognition sequence.
The bend in turn facilitates cooperative binding by ZEBRA,
analogous to the effect of LEF-1 on PEBP2a-Ets-1 and ATF-
CREB at the TCR-a enhancer (18).

The model postulating a ZEBRA-induced bend is supported
by EMSA data revealing weak cooperative binding by ZEBRA
even in the absence of HMG-1. When either Z-3 or Z-4 is
deleted, a reproducible decrease in affinity of ZEBRA for the
remaining site is observed (data not shown). Several observa-
tions are consistent with HMG-1-box proteins displaying a
modest sequence preference for binding. Yeast NHP6A and
Drosophila HMG-D formed specific complexes on duplex oli-
gonucleotides as revealed by NMR and X-ray crystallography
(2, 31). Targeting may be influenced by the presence of Y/R
steps that have intrinsic flexibility and are thus receptive to
inserting hydrophobic amino acids present on the HMG DNA
binding domain. There are two Y/R steps within the HMG-1
footprint on BHLF-1, and mutagenesis together with hydroxyl
radical footprinting supports the idea that these steps may
represent critical interaction points. Indeed, high concentra-
tions of HMG-1 alone weakly protect this region although we
have never observed complete protection in the absence of
ZEBRA (Fig. 6). Moreover, in further support of a rudimen-

FIG. 6. Mapping the HMG-1 binding site by hydroxyl radical footprinting. The figure compares HMG-1-mediated cooperative binding of ZEBRA on the wild-type
(WT) HLZ3,4 probe by DNase I and hydroxyl (OH) radical footprinting or on the HMGD2 mutant by hydroxyl radical. Lane 3 of the DNase I footprint shows the
protections to Z-3 and Z-4 generated by D161 using saturating concentrations of protein (800 ng). The protections generated by twofold-decreasing steps of D161
ranging from 200 to 50 ng are shown in lanes 4 to 6, while lanes 7 to 9 illustrate the cooperative effect of 450 ng of HMG-1. Lane 10 represents the DNase I footprint
of 450 ng of HMG-1 alone. The hydroxyl radical footprints on HLZ3,4 are also shown. Lanes 1 and 2 show the cleavage ladder of naked DNA generated in 2.5- and
5-min reactions. Lanes 3 to 9 show 5-min cleavage reactions performed on twofold-decreasing concentrations (200 to 50 ng) of D161 in the absence (lanes 3 to 5) or
presence (lanes 6 to 8) of 450 ng of HMG-1. Lane 9 represents the hydroxyl radical protections generated by 450 ng of HMG-1 alone. The HMG-1 footprints between
Z-3 and Z-4 are numbered 1 and 2. Identical reactions performed on the HMGD2 promoter mutant are shown. The individual bands generated by hydroxyl radical
cleavage were boxed and quantitated using ImageQuant software. The values obtained from three different footprints were normalized to the most intense lane in each
experiment and the percent saturation was calculated; strongest protections were mapped in Fig. 7. Note, higher concentrations of both HMG-1 and D161 were used
in the hydroxyl radical footprinting experiments (see text).
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tary recognition mode, HMG-1 generates a weak but discrete
complex on the wild-type DNA fragment by EMSA, which is
diminished on the mutant (Fig. 5, compare lanes 5 and 10).

Although our data imply that a simple bend would suffice to
enhance ZEBRA cooperativity, three results support the view
that there is a requirement for a precise spatial alignment
between the two ZEBRA sites. First, deletion derivatives of
HMG-1 that contained only one of the DNA recognition mo-
tifs were unable to facilitate cooperative binding. Because both
individual boxes bend DNA in cyclization assays (Fig. 3), albeit
less effectively than intact HMG-1, the requirement for both
boxes probably reflects an aspect of stereospecificity. Second,
cooperative binding was abolished by both 5- and 10-bp alter-
ations in the spacing (Fig. 4). This result implies that the
ZEBRA sites do not exhibit a simple requirement for helical
periodicity. Finally, enhanced flexibility of the HMG-1 binding
site does not circumvent the HMG-1 requirement (Fig. 4).
Generation of heteroduplex DNA would theoretically intro-
duce a flexible linker between the pair of ZEBRA sites that
could bypass the unfavorable energy requirements caused by
bending DNA fragments below the persistence length (55).
Promoter mutants containing mismatched sequences in the
region of the HMG-1 footprint (2122 to 2134) were not,

however, able to circumvent the HMG-1 requirement for co-
operative ZEBRA binding (Fig. 4). Taken together, the phas-
ing and flexibility experiments suggest that HMG-1 is not
merely introducing a bend in the DNA but may position the
ZEBRA dimers in a fashion requiring a specific geometry.

What role does HMG-1 play in EBV regulation? By allow-
ing ZEBRA to bind cooperatively and with high affinity,
HMG-1 could permit enhanceosome assembly and gene acti-
vation at low concentrations of ZEBRA. Cooperative binding
also promotes occupancy of a promoter over a significantly
narrower range of protein. We speculate, however, that the
cooperativity is primarily a means of establishing specificity
because only pairwise combinations of ZEBRA in the appro-
priate spatial alignment on a promoter will cooperate with
HMG-1 to facilitate binding. This ensures that ZEBRA does
not bind and fortuitously activate nontarget genes.

In contrast to other transcription factors where HMG-1 has
been shown to act, we have not been able to identify a specific
protein-protein interaction between ZEBRA and HMG-1 us-
ing glutathione S-transferase pulldown analysis, although the
effect may be weak and not readily detectable in the absence of
DNA. The ability of HMG-1 to function in such a context
implies it could play a broad role in gene regulation, using
minimal sequence requirements and cooperativity to assemble
specific nucleoprotein complexes. Additionally, HMG-1 may
also participate in global DNA conformational changes related
to promoter and enhancer function. Structural studies of the
HMG-D complex reveal that a single domain can bend DNA
by as much as 111°. Two domains might therefore be able to
completely reverse the directionality of a DNA segment. Such
dramatic alterations in the path of DNA could serve to align
distal upstream enhancers and the core promoter or might be
involved in EBV lytic replication which requires the ZEBRA
sites in BHLF-1.
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