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High-Resolution Footprints of the DNA-Binding Domain of Epstein-
Barr Virus Nuclear Antigen 1
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The DNA-binding domain of Epstein-Barr virus nuclear antigen 1 was found by hydroxyl radical
footprinting to protect backbone positions on one side of its DNA-binding site. The guanines contacted in the
major groove by the DNA-binding domain of Epstein-Barr virus nuclear antigen 1 were identified by
methylation protection. No difference was found in the interaction of the DNA-binding domain of Epstein-Barr
virus nuclear antigen 1 with tandemly repeated and overlapping binding sites.

The Epstein-Barr virus genome is maintained as a low-
copy-number plasmid in latently infected host cells. The
control of plasmid copy number requires 1,800 base pairs
(bp) of the viral genome (oriP) and the 80-kilodalton protein
Epstein-Barr virus nuclear antigen 1 (EBNA-1) (18). Two
regions within oriP are essential for activity (Fig. 1A): the
tandem repeat region, consisting of 20 30-bp-long tandemly
repeated sequences, and the dyad symmetry region, made
up of four homologous overlapping repeats (12) (Fig. 1C).
oriP-dependent DNA replication requires the presence of 12
of the 20 30-bp repeats in the tandem repeat region and the 3
homologous repeats included in the 65 bp of dyad symmetry
(11, 17).

Rawlins et al. (10) showed that a 25-kilodalton fusion
protein containing the carboxyl-terminal one-third of
EBNA-1 (we call this portion of EBNA-1 EBNA in this
paper) is capable of binding to the tandem repeat region, to
the dyad symmetry region, and to a third site in the Epstein-
Barr virus genome outside of oriP. All three of these regions
contain homologous sequences, but in the tandem repeat
region, the centers of the sequences are spaced at 30-bp
intervals, while in the dyad symmetry region, the centers of
the overlapping repeats are only 21 bp apart (Fig. 1C).

In this paper, we characterize the interaction of EBNA
with its DNA-binding sites by using two chemical tech-
niques, hydroxyl radical footprinting (15) and methylation
protection (14).

Plasmids, DNA molecules, and EBNA. Plasmids pRl, con-
taining the single EBNA-1 consensus binding site (Fig. 1B),
and pR3, containing three tandemly repeated binding sites
(7), were purified as previously described (16). DNA frag-
ments (Fig. 1D and E) labeled with 32p were generated by 5'
or 3' labeling of the HindlIl site (5) followed by EcoRI
digestion and gel purification (6).
The native dyad symmetry and tandem repeat regions of

Epstein-Barr virus are contained in the 2,185-bp pHEBO-1
restriction fragment of Epstein-Barr virus (10). This frag-
ment was cloned into the HinclI site of pGEM blue
(Promega Biotec) to form pGEMori, and the plasmid was
CsCl purified (5). The dyad symmetry region was labeled at
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a Hindlll site, digested with OxaNI, and gel purified (Fig.
1C).
A fusion protein made up of 191 amino acids from the

carboxyl terminus of EBNA-1 and 36 amino acids from the
bacteriophage A N protein and linker was expressed in
Escherichia coli and purified (8). The EBNA fusion polypep-
tide was originally named 28K-EBNA on the basis of the
predicted molecular weight (10). However, the fusion poly-
peptide appears to start at the second methionine of the open
reading frame, giving a predicted molecular weight of 24,532.
Here we refer to this protein as EBNA.
Hydroxyl radical footprinting. EBNA was bound to DNA

by combining 60 to 200 fmol (30 to 100 kcpm) of end-labeled
DNA with 200 to 400 pmol of EBNA in a total volume of 35
,ul in a buffer consisting of 10 mM Tris hydrochloride (pH
8.0), 5 mM M4gF12, 200 mM NaCl, 1 mM dithiothreitol, 12.5
,ug of bovine 916rum albumin per ml, and 20 ,ug of sonicated
calf thymus DNA per ml. The mixture was incubated at
room temperature for 30 to 90 min. Hydroxyl radical cleav-
age reactions were done as described previously (15).

Methylation protection. EBNA was bound to DNA by
combining 30 to 100 fmol of DNA (15 to 50 kcpm) with 100
to 200 pmol of EBNA in a total volume of 10 ,ul in the buffer
described above and incubated at room temperature for 30
min before addition of 200 ,ul of the Maxam and Gilbert (6)
guanine-specific sequencing reaction buffer. The methyla-
tion reaction was initiated at 4°C by adding 1 ,ul of dimethyl
sulfate and was terminated after 1 min (5).
Samples were resolved by electrophoresis through an 8%

denaturing gel. The gel was autoradiographed and scanned
as previously described (15).
The EBNA-1 synthetic consensus binding site is shown in

Fig. 1B, with each nucleotide position numbered so that
symmetry-related positions have the same number; positions
on the bottom strand are denoted with primes. The 29-
bp-long site is made up of a central palindrome (nucleotides
9 through 20, with the dyad axis between nucleotides 14 and
15) and nonsymmetrical outer sequences. The hydroxyl
radical footprint of EBNA bound to a cloned, synthetic
single consensus binding site (Fig. 2A and B) shows four
symmetry-related groups of strongly protected nucleotides.
The centers of the two protected sites on each strand are 10
nucleotides apart and are flanked by nucleotides that are
cleaved as readily as in naked DNA. These four stretches of
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FIG. 1. The 1,800-bp oriP fragment and the DNA molecules used in these experiments. (A) The DNA fragment shown, called oriP, is the

minimum amount of the Epstein-Barr virus genome required in cis for wild-type replication. Wild-type replication also requires the virally
encoded protein EBNA-1, which binds to the tandem repeat and dyad symmetry regions. (B) The 29-bp synthetic EBNA-1 consensus binding
sequence contains a central 12-bp palindrome at nucleotides 9 through 20, as indicated by the double-headed arrow. The numbering system
specified here for the top and bottom strands is used throughout the text. Positions on the bottom strand are denoted with primes. (C) The
native dyad symmetry region.was studied in the illustrated fragment. In this region, pairs of consensus repeats (indicated by circled numbers
above the diagram) overlap by 9 bp. The 65 bp with dyad symmetry are indicated by the double-headed arrow below the diagram. Single (D)
and triply tandemly repeated (E) synthetic consensus sites were studied here by 5' (bottom strand) and 3' (top strand) labeling at the HindIll
site.
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FIG. 2. Hydroxyl radical footprints of EBNA bound to a single synthetic consensus sequence. Autoradiograph (A) and densitometer
tracings (B) of a gel show the hydroxyl radical cleavage pattern of a single synthetic consensus sequence (Fig. 1B and D) in the absence (lanes
1 and 3) and presence (lanes 2 and 4) and EBNA. Lanes 1 and 2, Hydroxyl radical cleavage products derived from the top strand; lanes 3 and
4, cleavage products derived from the bottom. (C) Positions on a DNA helix (10.5 bp per turn) that are protected from hydroxyl radical attack
by EBNA bound to a single synthetic consensus binding site are indicated by dots on the DNA strands. The white strand is the top strand.
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FIG. 3. Methylation protection by EBNA. (A and B) Densitom-
eter tracings of lanes on an autoradiograph that show the methyla-
tion pattern of the top strand of the single consensus site (Fig. 1B
and D) without (A) and with (B) bound EBNA. Positions 7, 8, and 17
are strongly protected from methylation by EBNA, as is seen by
comparing the cleavage intensities of these residues with those for
the flanking guanines at the left of the figure. Position 5 is methylated
more when EBNA is bound. Numbering is as in Fig. 1B. (C and D)
Methylation data for the bottom strand of the single consensus site.
When EBNA is bound (C), positions 7' and 17' are strongly
protected from methylation.
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FIG. 5. Hydroxyl radical footprint of EBNA bound to the triply
tandemly repeated synthetic consensus sequence. Densitometer
scans of autoradiographs are shown for cleavage by hydroxyl radical
of the top strand of the triply tandemly repeated consensus sequence
(see Fig. 1E) in the absence of bound protein (A), the top strand with
bound EBNA (B), the bottom strand with bound EBNA (C), and the
naked bottom strand (D). In each of these sites, as in the single site,
the greatest protections are seen at positions 5 through 7, 15 through
18, 6' through 7'. and 15' through 18'.
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FIG. 4. Conservation of sequence in the three areas of the Epstein-Barr virus genome where EBNA binds. The palindromic sequence of
the binding site is enclosed in parentheses. The frequencies of occurrence of a particular nucleotide in the dyad symmetry, tandem repeat,
and the non-oriP (BamHQ fragment) EBNA-1-binding sites are indicated by subscripts. The highly conserved nucleotides at positions 10 and
19 are shaded (see text).
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FIG. 6. EBNA binding to the dyad symmetry region analyzed by hydroxyl radical footprinting. Autoradiograph (A) and densitometer
scans (B) of the cleavage products of the top strand of the dyad symmetry region of oriP (see Fig. 1C) in the absence (lane 1) and presence
(lane 2) of EBNA. The numbered regions to the right of the autoradiograph correspond to the overlapping EBNA-1-binding sites as illustrated
in Fig. 1C. (C) Positions on a DNA helix (10.5 bp per turn) that are protected from hydroxyl radical attack by EBNA bound to the dyad
symmetry region are indicated by dots on the DNA backbone. Two of the four overlapping repeats are shown. The dark strand is the bottom
strand. (Data for this strand were collected but are not shown in panel A or B.)

protected nucleotides fall on one face of a canonical B-DNA
helix (Fig. 2C). The LexA protein and the X repressor and
cro proteins also bind to palindromic sequences and strongly
protect four patches of nucleotides on one face of the helix
from hydroxyl radical attack (3, 15).
The cocrystal structure of the A repressor bound to DNA

(4) shows that the recognition alpha helices of the repressor
dimer sit in two neighboring symmetry-related major
grooves, making sequence-specific contacts with five con-
secutive base pairs. This crystal structure helps us to relate
the hydroxyl radical-protected nucleotides to the nucleotides
that are specifically contacted by protein. With X repressor
and cro, the most protected nucleotides border those that are
contacted in the major groove (15). The nucleotides that
provide the base pairs in the major groove that make contact
with the protein have their sugar residues on the back side of
the protein-DNA complex and so are not protected from
hydroxyl radical attack (Fig. 2C).
The idea that EBNA binds in these two major grooves is

supported by methylation protection data. The N7s of gua-
nines 7, 8, 11, 17, 7', 11', and 17' face into these grooves and
all but 11 and 11' are strongly protected from dimethyl
sulfate modification by bound EBNA (Fig. 3). Enhancement
of methylation is seen at positions 5 and 26'. Similar meth-
ylation enhancement has been observed in other systems at
guanines that neighbor protected guanines (2). These data
suggest that EBNA is located on the major groove side of
bases 7 through 12 and 17 through 22.
Comparison of the sequences of the multiple naturally

occurring EBNA-1-binding sites identifies nucleotides that
might be important for binding (Fig. 4). Absolute conserva-
tion of sequence is seen at positions 10, 14, and 19. Positions
10 and 19 are symmetry equivalent AT base pairs in the
middle of the major grooves implicated in EBNA binding.
We suggest that EBNA interacts directly with this base pair,

perhaps by forming two hydrogen bonds to each adenine
(13).
EBNA bound to a DNA fragment containing three tan-

demly repeated 29-bp synthetic consensus sites (Fig. 1E)
protects the same backbone positions in each repeated site
from hydroxyl radical attack as it does when bound to an
isolated site (compare Fig. 2B and 5). The characteristic
shapes of the footprints for the triply repeated site are the
same as the shapes of the footprints for a single site and are
also the same as the footprints for the 3 of 30 native tandem
repeats (repeats 17 through 19) that we studied (data not
shown). The borders of adjacent strong footprints are 11 bp
apart. Over these intervening regions, we see no change in
hydroxyl radical reactivity compared with the regions bor-
dering a single site.
The contacts of EBNA with the dyad symmetry region

(Fig. 1C) are also exactly analogous to those seen in the
footprint of the single consensus site (compare Fig. 2B and
6). Here, because of the 9-bp overlap of adjacent consensus
repeats, the strong contacts from adjacent repeats are
brought closer together. All eight strongly protected regions
within one set of two overlapping repeats fall on the same
side of a 10.5-bp-turn DNA helix (Fig. 6C). The strong
contacts on two adjacent overlapping repeats are one minor
groove width apart, leaving open the possibility that EBNA
occupies both simultaneously.
Why are two distantly situated EBNA-1-binding sites

necessary for control ofDNA replication in the Epstein-Barr
virus? Several lines of evidence suggest that oriP and
EBNA-1 might control replication by forming a loop ofDNA
held together at its base by protein (1, 7, 9). We have
detected no difference in the way the binding domain of
EBNA-1 contacts the two arrangements of binding sites that
occur at the ends of oriP. The functional role of this
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difference in the layout of EBNA-1-binding sites remains an
interesting unanswered question.
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