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The Epstein-Barr virus (EBV) origin of plasmid replication (oriP) includes two known cis-acting components,
the dyad symmetry region and the family of repeats. We used P1 nuclease, a single-strand-specific
endonuclease, to probe EBV oriP for DNA sequences that are intrinsically easy to unwind on a negatively
supercoiled plasmid. Selective nuclease hypersensitivity was detected in the family of repeats on an

oriP-containing plasmid and in the dyad symmetry region on a plasmid that lacks the family of repeats,
indicating that the DNA in both cis-acting components is intrinsically easy to unwind. The hierarchy of nuclease
hypersensitivity indicates that the family of repeats is more easily unwound than the dyad symmetry region,
consistent with the hierarchy of helical stability predicted by computer analysis of the DNA sequence. A specific
subset of the family of repeats is nuclease hypersensitive, and the DNA structure deduced from nucleotide-level
analysis of the P1 nuclease nicks is a cruciform near a single-stranded bubble. The dyad symmetry region
unwinds to form a broad single-stranded bubble containing hairpins in the 65-bp dyad sequence. We propose
that the intrinsic ease of unwinding the dyad symmetry region, the actual origin of DNA replication, is an
important component in the mechanism of initiation.

Infection of human B lymphocytes with Epstein-Barr
virus (EBV), a human herpesvirus, results in cell immortal-
ization (14). The EBV genome is a 172-kb circular DNA that
exists as a multicopy plasmid. Several viral proteins are
expressed during the latent period of infection and one of
these, EBV nuclear antigen 1 (EBNA1), is required for
replication of the viral genome (22, 40). A cis-acting se-

quence has been identified that allows replication and main-
tenance of plasmids in cells that express EBNA1 in trans
(39). This sequence is the origin of plasmid replication (oriP)
and is contained within a 1.8-kb fragment of the EBV
genome.

oriP contains two known cis-acting elements, a family of
30-bp tandem repeats and a dyad symmetry region, which
function in replication of the EBV genome (30). Changes in
the spacing or orientation of these two elements has little
effect on the activity of oriP. The family of repeats is
required for efficient replication but can be functionally
replaced by multiple tandem copies of the dyad symmetry
region (38). Physical mapping has revealed that the dyad
symmetry region is the actual origin of replication, since it
colocalizes with the region where replication initiates within
oriP (10). The family of repeats acts as a replication fork
barrier and is the primary termination site for oriP-mediated
replication (10). In addition to its roles in DNA replication,
the family of repeats can enhance transcription from heter-
ologous promoters in a strictly EBNA1-dependent fashion
(29).
Both the dyad symmetry region and the family of repeats

contain multiple EBNA1-binding sites (28). The dyad sym-
metry region contains four copies of an EBNA1-binding
sequence, two within a 65-bp dyad sequence and two flank-
ing the dyad. The family of repeats consists of 20 imperfect
copies of a 30-bp sequence in tandem (20x 30-bp repeats),
and each copy contains an EBNA1-binding sequence.

* Corresponding author. Electronic mail address: kowalski@
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EBNA1 binding promotes association between the dyad
symmetry region and the family of repeats in vitro (24),
creating a DNA loop (8, 34). It has been suggested that the
EBNA1-mediated association between these distal cis-acting
elements promotes the initiation of replication (8, 24, 34).

Initiation of replication requires unwinding of the DNA
double helix. Duplex unwinding allows the replication ma-
chinery to access the individual DNA strands. A general
model for the initiation of bidirectional replication is that an
initiator protein recognizes specific sites at the origin and
induces localized unwinding of a particular sequence. Such a
mechanism for localized origin unwinding has been demon-
strated for simian virus 40 (SV40) (1), Escherichia coli (3),
and phage X (31) and has been proposed for Saccharomyces
cerevisiae (35, 37). Chromosomal replication origins from E.
coli and S. cerevisiae are intrinsically easy to unwind.
Unwinding of these origins can occur in the absence of an

initiator protein in negatively supercoiled DNA, as revealed
by hypersensitivity to single-strand-specific nucleases (20,
25, 35). At the E. coli origin, the nuclease-hypersensitive
sequence identified in naked supercoiled DNA (20) corre-
sponds to the same sequence induced to unwind by the
initiator protein (3). Mutational analysis has shown that the
intrinsic ease of unwinding at the nuclease-hypersensitive
element is required for origin function in E. coli and S.
cerevisiae (20, 25, 35, 37). This novel, cis-acting component
is termed a DNA-unwinding element (DUE) (20, 37). DUEs
can be identified by hypersensitivity to single-strand-specific
nuclease in supercoiled DNA (20, 35) and by a recently
developed computer program that calculates helical stability
from DNA sequence information (25). In the present study,
P1 nuclease and helical stability analysis were used to probe
for easily unwound sequences in the EBV origin of plasmid
replication oriP.

MATERIALS AND METHODS

Enzymes. P1 nuclease, prepared by the method of Fuji-
moto et al. (9), was from Yamasa Shoyu (Choshi, Japan).
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Enzymes from commercial suppliers were as follows: re-
striction enzymes and T4 DNA ligase (New England Bio-
labs); T4 polynucleotide kinase (United States Biochemical
Corp.); calf intestinal phosphatase (CIP) (Boehringer Mann-
heim Biochemicals).
DNA. Plasmids pWEoriP and pWE-DS were grown in E.

coli HB101 in Luria-Bertani broth and amplified with 150 p,g
of chloramphenicol per ml. DNA was obtained from cells
lysed by being boiled in the presence of lysozyme (15). Using
this method, the superhelical density is the same for different
plasmids obtained from E. coli HB101 and is equal to -0.065
± 0.002 (25) as determined by two-dimensional gel electro-
phoresis of plasmid topoisomers (21). Negatively super-
coiled DNA was isolated and purified by two rounds of
equilibrium gradient centrifugation in a cesium chloride
solution containing ethidium bromide (27). The location of
P1 nuclease-hypersensitive sites (see below) was consistent
among independent DNA preparations of the same plasmid.

Construction of pWEoriP and pWE-DS plasmids. pWEoriP
contains the family of 30-bp repeats and the dyad symmetry
region from the EBV origin of plasmid replication (oniP) on
a fragment of approximately 2,200 bp inserted into pBT3A, a
modified pBR322 vector (20). pWEoriP was constructed as
follows. orP was excised from p395 (38; a gift from John
Yates, Roswell Park Cancer Institute) by using EcoRI and
BamHI and subcloned into the EcoRI and BamHI sites of
pUC12. Next, onP was removed from pUC12 by using
endonucleases EcoRI and PstI and subcloned into the EcoRI
and PstI sites of pBT3A. pWE-DS contains only the dyad
symmetry region of oriP inserted into pBT3A. The dyad
symmetry region was excised from p393.2 (38; a gift from
John Yates) by endonucleases EcoRI and PstI. This frag-
ment was then subcloned into the EcoRI and PstI sites of
pBT3A.

Single-strand-specific nuclease reactions. P1 nuclease reac-
tions contained 10 mM Tris-HCl (pH 7.0)-i mM disodium
EDTA-1.6 ,ug of negatively supercoiled DNA in a volume of
18 pl. After preincubation for 10 min at 37°C, P1 nuclease
(2.4 ng in 2 pI; 600 U/mg) was added. The reaction mixture
was kept at 37°C for 30 min. Under these conditions,
supercoiled plasmids are converted to singly nicked circular
DNA. The nuclease reaction was quenched as previously
described (19), and the enzyme was removed by phenol
extraction.

Localization of Pl nuclease-specific nicks. Nicked circular
DNA produced by the action of P1 nuclease on negatively
supercoiled plasmids was linearized at a unique restriction
endonuclease site, dephosphorylated with CIP, and 5' end
labeled with [-y-32PJATP and polynucleotide kinase (32). The
DNA was separated by electrophoresis on a 1.2% agarose
gel after irreversible denaturation with glyoxal, visualized
by autoradiography, and sized as previously described
(35).

Fine mapping and nucleotide sequence of sites nicked by P1
nuclease. For fine mapping of nicks, pWEoriP was treated
with P1 nuclease, linearized with EcoRI, dephosphorylated
with CIP, and then 5' end labeled with [-y-32P]ATP and
polynucleotide kinase (32). End-labeled DNA was dena-
tured, and the products were separated by electrophoresis
through an 8% polyacrylamide gel. To map P1 nuclease
nicks at single nucleotide resolution, DNA termini generated
by specific restriction enzymes were dephosphorylated with
CIP and labeled at 5' ends with [_y-32P]ATP and polynucle-
otide kinase (32) or at 3' ends with [a-32P]dATP (EcoRI site)
or [a-32P]dCTP (NciI site) and DNA polymerase (Klenow
fragment).

Computer analysis. The DNA sequences of pWEoriP and
pWE-DS were assembled on a Compaq computer by using
the IBI-Pustell Sequence Analysis Programs (International
Biotechnologies, Inc.). The free energy required for DNA
strand separation under the conditions used for the P1
nuclease assay was calculated with Thermodyn, a recently
developed computer program (25). A 100-bp window size
was used in calculating the free energy across the DNA
sequence in 4-bp steps. Slidewrite Plus (Advanced Graphics
Software, Inc.) was used to convert the output of the
Thermodyn program into graphic form. A VAX computer
program called StemLoop (Genetics Computer Group, Inc.)
was used to search for potential hairpins in the oriP se-
quence. The parameters used were minimum stem length, 4;
minimum bonds per stem, 8 (AT, 2; GC, 3; GT, 1; and other
mismatches, 0); maximum loop size, 20; and minimum loop
size, 3.

RESULTS

Single-strand-specific nuclease-hypersensitive sites in EBV
oriP. P1 nuclease is a single-strand-specific endonuclease
that acts on negatively supercoiled DNA at neutral pH (19).
Each supercoiled molecule is nicked only once because the
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FIG. 1. Plasmid maps of pWEoriP (A) and pWE-DS (B). pWE-
oriP and pWE-DS are pBR322-derived plasmids containing a com-
plete onP fragment and a fragment containing only the dyad
symmetry (DS) region, respectively. The oniP insert, the DS region,
the family of repeats, and relevant restriction endonuclease sites are
indicated.
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FIG. 2. Single-strand-specific nuclease-hypersensitive sites in
pWEoriP and pWE-DS. P1 nuclease-treated pWEoriP and pWE-DS
were cut and 5' 32P-end labeled at a single restriction endonuclease
site before irreversible denaturation with glyoxal and agarose gel
electrophoresis. Selected marker (lane M) sizes (in nucleotides) are
indicated to the left. Sizes of the unit-length plasmids are indicated on
the right. The bands that result from two different restriction digests
of each plasmid are shown. Restriction endonucleases (lanes): X,
XbaI; N, NruI; S, Sall; E, EagI. The sizes (in bases) of the DNA
single-stranded fragments produced after P1 nicking are as follows for
each specific restriction digest: X, 3,300 and 1,800; N, 3,730 and
1,380; S, 2,330 and 830; E, 2,030 and 1,080. The P1 nuclease nicks
map in the family of repeats in pWEoriP (position 4720 t 50 bp) and
in the dyad symmetry region in pWE-DS (position 2950 50 bp).

first nick relaxes the DNA and relaxed DNA is a poor
substrate for a single-strand-specific nuclease. The location
and number of single-strand-specific nuclease cleavage sites
depend on temperature, cation type and concentration, and
level of negative supercoiling (16, 19, 32, 33). At the level of
supercoiling and in the conditions used in this study, the site
that is hypersensitive to a single-strand-specific nuclease
identifies the most easily unwound DNA sequence in the
plasmid (21).

Negatively supercoiled plasmids pWEoriP and pWE-DS
were probed with P1 nuclease to determine the DNA sites
that are intrinsically easy to unwind. pWEoriP is a pBR322
derivative containing a 2,200-bp insert which includes the
EBV oriP, i.e., both the family of repeats and the dyad
symmetry region (Fig. 1A). pWE-DS contains the dyad
symmetry region of oniP (Fig. 1B). Supercoiled plasmids
were quantitatively converted to nicked circular DNA by P1
nuclease. Nicked molecules were then linearized at a unique
restriction site and 5' end labeled with 32p. After irreversible
denaturation in glyoxal, the DNA products were separated
by size, using agarose gel electrophoresis. Two subunit-
length bands of equal intensity will be generated if P1
nuclease nicks a specific site at equal frequency in either
DNA strand. The sizes of the two subunit-length bands
indicate the distance, in bases, from the restriction site to the
nicks introduced by P1 nuclease. A unit-length band is
derived from the intact strand of the singly nicked circular
DNA. A single pair of subunit-length bands was observed in
pWEoriP after cutting with XbaI or NruI (Fig. 2, lanes X and
N). Analysis of the fragment sizes (legend to Fig. 2) assigned
a P1 nuclease site to the region containing the family of 30-bp
repeats within pWEoriP. P1 nuclease treatment of pWE-DS
and subsequent digestion with SalI or EagI also showed a

single band pair (Fig. 2, lanes S and E). The nuclease-
hypersensitive site in pWE-DS mapped to within the dyad
symmetry region. Detection of single-strand-specific nucle-
ase nicks required negatively supercoiled DNA under our
conditions (19, 33) and linearized DNA containing oniP was
not nicked (data not shown). These results indicate that both
the family of repeats and dyad symmetry regions contain
DNA sequences that are intrinsically easy to unwind in
supercoiled DNA.
Pl nuclease-hypersensitive sites map in DNA regions with

low helical stability. The ease of unwinding can be quantified
by determining the DNA helical stability, the free energy
difference between the double- and single-stranded states.
Helical stability can be reliably calculated from the DNA
sequence by using the known thermodynamic properties of
the component nearest-neighbor dinucleotides (4). We deter-
mined the DNA helical stability under the P1 nuclease
digestion conditions with a recently developed computer
program (25). The program calculates the helical stability of
a fixed length of DNA (window) and can scan all possible
nucleotide positions by sliding the window across the entire
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FIG. 3. Analysis of DNA helical stability. (A) EBV onP. (B)
pWE-DS. The helical stability (AG) under P1 nuclease digestion
conditions was determined by computer analysis of the DNA
sequence (25). The AG values reported correspond to the central
position of a 100-bp window. The regions hypersensitive to P1
nuclease (P1 HS site, average cleavage position + 50-bp range) are
at oriP position 390 + 50 bp and at pWE-DS position 2950 50 bp.
The positions of the family of repeats and the dyad symmetry region
are also shown.
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FIG. 4. Fine mapping of P1 nuclease-hypersensitive site in the
family of repeats. pWEoriP was nicked with P1 nuclease and then
linearized and 5' end labeled at the EcoRI site. The DNA products
were then denatured and electrophoresed on an 8% polyacrylamide
gel. Lane M contains single-stranded DNA size markers. P1 nucle-
ase-specific products are seen in lane P1 + between size markers 344
and 517. Larger products are not the result of P1 nuclease nicking
because they are also present in DNA not treated with P1 nuclease
(lane P1 -).

DNA sequence. A helical stability plot (AG versus nucle-
otide position) for oriP (Fig. 3A) showed that the region with
the lowest free energy is between positions 200 and 650. This
region corresponds to the family of repeats. The region of
oniP that is hypersensitive to P1 nuclease (position 390 + 50
bp) is also indicated (Fig. 3A). The analysis showed that the
P1 nuclease-hypersensitive site occurs in a region of onP
that has a low helical stability. The analysis also showed that
the dyad symmetry region, which is not cleaved by P1
nuclease in the oriP-containing plasmid, has a higher helical

stability than the family of repeats (Fig. 3A).
Figure 3B shows a helical stability plot for pWE-DS, the

plasmid that contains the dyad symmetry region but not the

family of repeats. The free energy minimum resides at

position 2989 which, for a 100-bp window, includes the DNA

sequence in the region from 2940 and 3039. This region
colocalizes with the dyad symmetry region and the region

that is hypersensitive to P1 nuclease (position 2950 + 50 bp)

(Fig. 3B).

Fine mapping of Pl nuclease-hypersensitive sites. To more
accurately determine the region of duplex unwinding, fine
mapping of the nicks at the P1 nuclease-hypersensitive site
in pWEoriP was performed by denaturing polyacrylamide
gel electrophoresis. Supercoiled pWEoriP was nicked with
P1 nuclease, linearized and 5' end labeled at the EcoRI site,
and then denatured. P1 nuclease-treated and untreated DNA
samples were subjected to electrophoresis along with appro-
priate molecular weight markers. Figure 4 shows that the
bulk of the P1 nuclease-specific products occurred between
size markers of 344 and 517 bases. This result indicates that
the bulk of the P1 nuclease nicks span a region within the
family of repeats that encompasses less than 173 bases (517
minus 344). If the entire family of repeats was susceptible to
P1 nuclease, cleavages would span about 600 bases (20x
30-bp repeats) and the cleavage products would span the size
markers from <156 to >517 bases. Thus, it is clear that only
a specific portion of the family of repeats is sensitive to
cutting by P1 nuclease.

oriP sequences cleaved by P1 nuclease. The precise loca-
tions of the P1 nuclease cleavages within pWEoriP and
pWE-DS sequences were determined by analysis at single-
nucleotide resolution. Singly end-labeled restriction frag-
ments containing the nuclease nicks were prepared and
denatured. The single-stranded products were separated by
electrophoresis on DNA sequencing gels alongside the prod-
ucts of Maxam and Gilbert (23) sequencing reactions per-
formed on the same restriction fragments without nuclease
nicks.

Figure 5A and B shows autoradiograms of sequence-level
analysis of the P1 nuclease-specific nicks within pWEoriP.
Brackets indicate the positions of the EBNA1-binding sites
in the 20x 30-bp repeats within onP. Both DNA strands
were examined by labeling a single restriction site at the 5'
end and, in an independent experiment, at the 3' end of the
complementary strand. Both top and bottom strands show a
similar pattern of cleavage by P1 nuclease (P1+ lanes).
Major cleavages occur between EBNA1-binding sites in
repeats 10 and 11 (Fig. 5A) and within the EBNA1-binding
site of repeat 14 (Fig. 5B). In addition to these major
cleavages, minor cleavages are detected, especially in re-
peats 13, 14, 15, and 16 upon longer exposure of the
autoradiogram (data not shown). No P1 nuclease-specific
cleavages were detected in the NciI-BstXI restriction frag-
ment containing repeats 1 to 9 (data not shown). Figure 5C
displays the locations of the P1 nuclease nicks within the
hypersensitive region of the oriP DNA sequence. The nu-
clease-hypersensitive sequence is localized to portions of six
of the 20x 30-bp repeats. The pattern of P1 nuclease nicks
does not simply reflect either the repeated 30-bp sequence or
the components of that sequence. For example, the se-
quence between the boxes containing EBNA1 sites 10 and 11
is strongly cleaved (boldface arrows), whereas similar se-
quences between other EBNA1 sites are cleaved weakly or
not at all. Also, the boxed EBNA1 site 14 is a major cleavage
site (boldface arrows), whereas other EBNA1 sites with
similar or identical sequences are cleaved weakly or not at
all.

Figure 6A shows an autoradiogram of sequence-level
analysis of P1 nuclease nicks in the dyad symmetry region
within pWE-DS. Major cleavages occur between the in-
verted repeat sequences and in the flanking sequences.
Similar results were seen for the bottom strand (data not
shown). Figure 6B displays the locations of the specific
nuclease nicks within the sequence of the dyad symmetry
region. The nuclease-hypersensitive sequence spans 115 bp
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FIG. 5. Nucleotide-level map of the P1 nuclease-hypersensitive

site within the family of repeats of oriP. (A and B) DNA sequence
analysis of the P1 nuclease-hypersensitive sites in pWEoriP. P1
nuclease-nicked DNA (lane P1 +) was electrophoresed alongside
the products of Maxam and Gilbert sequencing reactions (lanes A,
C/T, and G) performed on the same DNA without P1 nuclease
treatment. Specific restriction fragments of the DNA were singly
end labeled at an NciI cleavage site on the 3' end of one strand or the
5' end of the complementary strand. The bracketed regions on the
left indicate the positions of EBNA1-binding sites within the oriP
sequence (28). P1 nuclease-specific nicks correspond to bands
present in the P1 + lane and absent in the P1 - lane. Bands present
in both the + and - lanes are due to nonspecific nicking. Sequence-
level analysis of P1 nuclease nicks in the 79-bp BstXI-to-NciI
fragment is shown in panel A. Sequence-level analysis of P1
nuclease nicks in the 376-bp NciI-to-BspMI fragment is shown in
panel B. Supercoiled pWEoriP was nicked with P1 nuclease and
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then cut with restriction enzyme Ncil. Specific DNA fragments
containing the nicks (396 and 326 bp) were isolated after separation
by polyacrylamide gel electrophoresis. An aliquot of the isolated
DNA fragments was 32P-labeled at the 5' end of the NciI cleavage
sites, and a separate aliquot was 32P-labeled at the 3' end of the NciI
cleavage sites. The labeled 396-bp fragment was cut with BspMI and
a singly end-labeled product of 376 bp was isolated after polyacryl-
amide gel electrophoresis. The labeled 326-bp fragment was cut with
BstXI, and singly end-labeled products of 247 and 79 bp were

isolated after polyacrylamide gel electrophoresis. No P1 nuclease-
specific nicks were detected in the 247-bp fragment (not shown). (C)
Locations of nicks within the nuclease-hypersensitive region. The
vertical arrows indicate the locations of the P1 nicks. The boldface
arrows represent sites of frequent nicking, and the lightface arrows
represent sites of infrequent nicking. Boxes represent the EBNA1-
binding sites (28). Boldface numbers above each box indicate the
repeat number within the 20x 30-bp repeat region. Horizontal
arrows indicate an inverted repeat sequence. Nucleotide positions
are numbered relative to the EcoRI cleavage site in onP. onP
resides in a 2,204-bp EcoRI-to-SstI fragment of the EBV genome
(positions 19598 to 21801).

and shows three discrete regions of major cleavage (Fig. 6B,
boldface arrows). The three regions occur in similar posi-
tions on both strands and map between and flanking the
inverted repeat sequence (horizontal arrows drawn between
the two strands of DNA sequence).

Easily unwound sequences in EBV oriP and hairpin forma-
tion. EBV oriP contains numerous inverted repeat se-

quences or palindromes (17, 28). Each of the 20 EBNA1-
binding sites in the family of repeats centers on a palindrome
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which, when the DNA is strand separated (melted), can

potentially form intrastrand base pairs leading to small
hairpin structures. Such small hairpins (12 bp; stem, 4; loop,
4) have been proposed to form in the family of repeats, on
the basis of studies with single-strand-specific nucleases
(26); however, direct evidence for this hypothesis is lacking
since the cleavages were not mapped at the nucleotide level
and their precise locations with respect to inverted repeat
sequences are not known. As an alternative to small hair-
pins, large hairpin structures could potentially form in the
family of repeats and in the dyad symmetry region if intra-
strand base pairing occurs between, as opposed to within,
EBNA1-binding sites (17, 28); however, there is no experi-
mental evidence for such large hairpin structures.
We analyzed the onP sequence with the computer pro-

gram StemLoop (6) and searched for stems .4 bp and loops
<20 bases. The hairpin with the longest stem (25 bp)
occurred in the dyad symmetry region. This hairpin includes
the 65 bases that make up the dyad sequence (Fig. 6B,
horizontal arrows between the sequence). Figure 7A shows
the three major regions of P1 nuclease cleavage in the dyad
symmetry region superimposed on the hairpin structure. The
experimental data are consistent with P1 nuclease cleavage
at the loop of the hairpin structure and with extensive
cleavage flanking both sides of the base-paired stem. The
flanking cleavages indicate that the DNA is single stranded
on both sides of the hairpin stem. A similar structure is also
deduced to form in the complementary (bottom) strand on
the basis of detection of three major regions of P1 nuclease

B
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FIG. 6. Nucleotide-level map of the P1 nuclease-hypersensitive
sites in the dyad symmetry region. (A) DNA sequence analysis of
the P1 nuclease-hypersensitive sites in pWE-DS. Supercoiled
pWE-DS was nicked with P1 nuclease, linearized and 5' end labeled
at the EcoRI cleavage site, and cut with PstI. The 172-bp PstI-EcoRI
fragment was isolated after electrophoresis in a polyacrylamide gel.
P1 nuclease-nicked DNA (lane P1 +) was electrophoresed alongside
the products of Maxam and Gilbert sequencing reactions (lanes A,
C/T, and G) performed on the same DNA without P1 nuclease
treatment. The data shown are for the top strand of the DNA
sequence (see panel B). P1 nuclease-specific nicks correspond to
bands present in lane P1 + and absent in lane P1 -. The position of
the 65-bp dyad symmetry sequence is indicated with arrows on the
left. (B) Locations of nicks within the P1 nuclease-hypersensitive
sequence. The vertical arrows indicate the locations of the P1
nuclease nicks. The boldface arrows indicate sites of frequent
nicking, and the lightface arrows indicate sites of less frequent
nicking. The two horizontal arrows between the complementary
DNA strands indicate inverted repeat sequences that make up the
65-bp dyad. The boxed sequences contain the binding sites for the
EBV protein EBNA1 (28). Nucleotide positions are numbered
relative to the EcoRI cleavage site in onP.

cleavage directly opposing the three regions in the top strand
(Fig. 6B, boldface arrows). The overall structure deduced to
form within duplex DNA is a single-stranded bubble con-
taining a hairpin in each strand.
The hairpin with the second longest stem (22 bp, including

two mismatches) identified by the StemLoop program oc-
curs at a unique site within the family of repeats. The hairpin
includes an inverted repeat sequence at EBNA1 sites 10 and
11 (Fig. 5C, horizontal arrows between the sequence) which
is associated with the P1 nuclease-hypersensitive site. No
identical inverted repeat sequences are present elsewhere in
the family of repeats as a result of imperfections in the repeat
sequences. Figure 7B shows the major P1 nuclease cleav-
ages in repeats 10 and 11 superimposed on the potential
hairpin structure. The data are consistent with P1 cleavage at
the loop of a hairpin (Fig. 7B). A similar hairpin structure is
deduced to form in the complementary (bottom) strand on
the basis of the disposition of the major nuclease cleavages
(Fig. 5C, boldface vertical arrows) with respect to the
inverted repeat sequence (horizontal arrows). In contrast to
the hairpins in the dyad symmetry region, the hairpins in the
family of repeats are not associated with major cleavages
immediately flanking both sides of the inverted repeat se-
quence (Fig. 5C) that comprises the base-paired stem. The
structure appears to be double stranded in the regions
flanking the hairpin stems. The overall DNA structure de-
duced from the nuclease cleavage patterns in the sequences
of both strands is cruciform.
Major P1 nuclease cleavages also occur in the family of

repeats at EBNA1 site 14 (Fig. 5B). The StemLoop program
revealed no hairpin structure that could account for the
major cleavages in repeat 14. The major cleavages in repeat
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A. DYAD SYMMETRY REGION

1687

ri66'lAt CTTCCC v
b'ACTAACCCTAATTCGATAGCATATG G

lll11111llllllllllll1 T
TCTGATTGGGATTAAGTTATCGTATAC T

oc'G t ~~~AATGGG

C A¶Lf

1786

B. FAMILY OF REPEATS: EBNA1 sites 10 & 11

398 XsG
ATTTGGGTAGTATATGCTACCC AGATA
I II II II II I III ItI IIIII T
TAATCCCATCATATACGATAGGATTAAA

453

FIG. 7. Single-strand-specific nuclease cleavages at potential
hairpins in ociP. Major cleavages introduced by P1 nuclease (ar-
rows) are superimposed on hairpin structures predicted by the
StemLoop program (6). Nucleotide positions are numbered relative
to the EcoRI cleavage site in ociP. (A) Dyad symmetry region. The
hairpin stem is 25 bp in length (including one G-T pair), and the loop
contains 15 bases. (B) Family of repeats. The hairpin stem is 22 bp
long (including two mismatches), and the loop contains 12 bases.

14 are flanked by numerous minor cleavages that occur in
both strands over a broad region 5' and 3' to the major
cleavages (Fig. SC). The total region of major and minor
cleavages is extensive and spans 100 bp, beginning in repeat
13 and ending in repeat 16. Single-strand-specific nuclease
cleavage over an extensive region is consistent with a broad
region of localized DNA unwinding (single-stranded bubble),
like that detected with our nuclease-hypersensitivity assay

on other DNA molecules (20, 21, 25, 35). However, the
distribution of cleavages is unusual in that a portion of the
broad region (part of repeat 14) is cleaved more frequently
than the rest of the region (Fig. SC).

DISCUSSION

We have shown that DNA in the dyad symmetry region
derived from EBV oriP is intrinsically easy to unwind. The
easily unwound region is identified by its hypersensitivity to
the single-strand-specific enzyme P1 nuclease in a negatively
supercoiled plasmid (Fig. 2, DS). In our assay conditions,
the nuclease-hypersensitive site identifies the DNA region
with the lowest free energy cost for unwinding in the entire
plasmid (20, 21, 36). Consistent with this concept, the
nuclease-hypersensitive site in the dyad symmetry region
corresponds to the DNA region in pWE-DS with the lowest
helical stability as determined by computer analysis (Fig.
3B).
The dyad symmetry region is the physical origin of DNA

replication within the genetically defined oiP (10). The
intrinsic ease of DNA unwinding is a property that the EBV

dyad symmetry region shares with other replication origins.
The intrinsic ease of unwinding in the dyad symmetry region
may be required to facilitate origin unwinding to allow the
replication machinery access to the parental DNA strands
during initiation. Such a sequence is termed a DUE. A DUE
is required for replication from the E. coli chromosomal
replication origin (oriC) (20) and from the H4 autonomously
replicating sequence (ARS) (35) and the C2G1 ARS in S.
cerevisiae (37). At E. colioriC, localized unwinding induced
by initiator protein binding occurs in the DUE in vitro (3)
and in vivo (12). Initiator protein binding induces localized
unwinding at replication origins from SV40 (1) and phage X
(31) and extensive structural distortions at a herpes simplex
virus origin (18). The SV40 origin requires a DUE (21a), and
the other origins may also require a DUE to facilitate
protein-induced unwinding. The components of the EBV
dyad symmetry region are similar to those in E. colionC, the
SV40 origin, and yeast origins, since the dyad symmetry
region contains an easily unwound sequence as well as
binding sites for an essential replication protein (EBNA1).
However, DNA strand separation has not been detected
when EBNA1 binds at the EBV dyad symmetry region (7,
13). Although EBNA1 is required for replication of EBV
DNA (22, 40), its specific role in replication is not known.
Since no other EBV-encoded protein is required, host pro-
teins that bind EBNA1 and/or the dyad symmetry region
may be required to initiate origin unwinding.
On an oniP plasmid containing both the family of repeats

and the dyad symmetry region, the family of repeats is the
only site hypersensitive to P1 nuclease. Nuclease hypersen-
sitivity in our assay is hierarchical since hypersensitivity
reflects stable DNA unwinding (21). Stable unwinding at the
most easily unwound site reduces the level of negative
supercoiling in a plasmid and the probability of stable
unwinding at less easily unwound sites in the same molecule.
Our finding of nuclease hypersensitivity in the family of
repeats but not in the dyad symmetry region oforiP indicates
that the family of repeats is more easily unwound than the
dyad symmetry region. Consistent with this interpretation,
computer analysis reveals that the family of repeats has a
lower helical stability than the dyad symmetry region. The
ease of unwinding in the dyad symmetry region can contrib-
ute to replication origin function even though the region is
not the most easily unwound sequence in a plasmid contain-
ing the family of repeats. Studies on the DUE in yeast origins
have shown that it is the absolute ability of the origin to
unwind that is important to plasmid replication, not the
relative unwinding ability with respect to other regions in the
plasmid (36). In the presence of EBNA1 protein and host
proteins that may participate in the initiation of replication,
the dyad symmetry region and the family of repeats are
likely involved in protein complexes and are not expected to
compete for unwinding in the way that they do in naked
supercoiled DNA. In the case of E. coli onC, the initiation
protein complex acts locally to unwind the DNA (3) and only
a nearby easily unwound sequence that is properly posi-
tioned in relation to the protein binding sites functions as a
DUE (20).
The presence of numerous inverted repeat sequences in

EBV onP has prompted speculation on the potential for
altered DNA secondary structures, especially large hairpins
(17, 28); however, there has been no experimental evidence
for such structures. Low-resolution mapping of single-
strand-specific nuclease cleavages in oiP led others to
propose that small hairpins or, alternatively, transiently
unwound regions form in the family of repeats (26). Our
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nucleotide-level analysis of P1 nuclease cleavage patterns
indicates that the stably unwound DNA detected in our

assay condition is associated with large hairpins (Fig. 7). The
overall DNA structure deduced to form in the dyad symme-

try region is a broad single-stranded bubble with a large
hairpin in each strand. In our assay conditions, negatively
supercoiled DNA stably unwinds at the sequence with the
lowest helical stability (20, 21, 36) which, in pWE-DS, is the
dyad symmetry region. Once the DNA is strand separated,
intrastrand base pairing and hairpin formation at the dyad
sequence is expected to be energetically favored over single-
stranded structures. The large hairpins detected in the family
of repeats do not form within a single-stranded bubble.
Instead, these hairpins appear to adopt a typical cruciform
structure which is double stranded in the regions flanking the
hairpin stems.

Cruciform extrusion can be kinetically forbidden in nega-

tively supercoiled DNA (5, 11); however, cruciform extru-
sion can be kinetically favorable if the inverted repeat is near
a broad DNA sequence with low helical stability (2). Con-
sistent with the latter possibility, the cruciform deduced to
form in the family at repeats 10 and 11 occurs near a broad
region (100 bp) of P1 nuclease cleavages in repeats 13
through 16. The region is similar in breadth to regions of low
helical stability detected by our nuclease-hypersensitivity
assay on other DNA molecules (20, 21, 25, 35); however,
nuclease-hypersensitive sites previously characterized in
our laboratory do not occur in or near long inverted repeat
sequences that could extrude large cruciforms and do not
contain a small region of enhanced cleavage, as seen in
repeat 14. The enhanced cleavage frequency in repeat 14
compared with that of repeats 13, 15, and 16 may be related
to the extrusion of the large cruciform in repeats 10 and 11,
possibly reflecting the equilibrium distribution between two
populations of DNA molecules: (i) a majority with a small
single-stranded bubble in repeat 14 plus a cruciform in
repeats 10 and 11 and (ii) a minority with a broad single-
stranded bubble in repeats 13 through 16 and no cruciform.
Our findings indicate that DNA in the family of repeats offers
considerable conformational flexibility. It remains to be
determined how this conformational flexibility influences
protein interactions and the diverse biological functions of
the family of repeats.
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