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ABSTRACT Epstein-Barr virus is associated with several human malignancies, in-
cluding nasopharyngeal carcinoma, gastric cancer, and lymphoma. Latently infected
cells carry a circularized EBV episome where the origin of replication (oriP) is com-
prised of two elements: the family of repeats (FR) and dyad symmetry (DS). The viral
protein Epstein-Barr virus (EBV) nuclear antigen 1 (EBNA1) binds to FR and DS to
promote EBV episome maintenance and DNA replication during latent infection in
proliferating cells. EBNA1 binding to the DS constitutes a minimal origin of DNA rep-
lication. Here we report the crystal structure of two EBNA1 DNA-binding domain
dimers bound to a DS half-site. This structure shows that the DNA is smoothly bent,
allowing for stabilizing interactions between the dimers. The dimer-dimer interface
requires an intricate hydrogen bonding network involving residues R491 and D581.
When this interface is disrupted, we note loss of stable dimer-dimer complex forma-
tion on the DNA, compromised oriP-containing plasmid replication in cells, and im-
paired recruitment of the MCM3 complex to the oriP. Surface conservation analysis
reveals that these residues are part of a larger conserved surface that may be critical
for recruitment of replication machinery to the oriP. Our results reveal a new region
of EBNA1 critical for its activity and one that may be exploited by targeted small
molecules to treat EBV-associated disease.

IMPORTANCE Epstein-Barr virus (EBV) is a causative agent of various malignancies
and may also contribute to autoimmune disease. The latent and episomal form of
the virus is known to drive EBV-associated oncogenesis. Persistence of the viral epi-
some in proliferating tumor cells requires the interaction of Epstein-Barr virus nu-
clear antigen 1 (EBNA1) with the viral origin of plasmid replication (oriP). The dyad
symmetry (DS) element in oriP is the essential minimal replicator of oriP. Here we re-
port the X-ray crystal structure of EBNA1 bound to DS. The structure reveals a previ-
ous unrecognized interface formed between dimers of EBNA1 necessary for coopera-
tive DNA binding, recruitment of cellular replication machinery, and replication
function. These findings provide new insights into the mechanism of EBNA1 function
at the replication origin and new opportunities to inhibit EBV latent infection and patho-
genesis.

KEYWORDS DNA replication, dyad symmetry, EBNA-1, EBNA1, EBV, Epstein-Barr
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Epstein-Barr virus (EBV) establishes a stable, latent infection in proliferating B lym-
phocytes and cancers of lymphoid and epithelial origin (1). During latent infection,

the viral genome is maintained as a covalently closed, circular, multicopy DNA molecule
referred to as the viral episome (2, 3). Episome maintenance requires both DNA replication
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and faithful segregation of replicated genomes (4, 5). The episomal origin of replication,
termed oriP, is a 1.7-kb region that contains two functional elements: the family of
repeats (FR) and dyad symmetry (DS) (5–7). The FR region is responsible for proper
maintenance of the episomes during cell division, while the DS is essential for efficient
plasmid replication (8, 9). The only EBV-encoded protein necessary for episome repli-
cation and maintenance is Epstein-Barr virus nuclear antigen 1 (EBNA1) (9).

The C terminus of EBNA1 (residues 459 to 607) is responsible for the sequence-
specific DNA binding and dimerization of the protein (10–13). The EBNA1 DNA binding
and dimerization domain (DBD) recognizes an 18-bp palindromic sequence that is
found in several copies at both the FR and DS elements (11, 14–18). Crystal structures
show the dimeric DBD to contain an eight-stranded antiparallel � barrel flanked by
three � helices on each side (10, 19), which is structurally similar in fold to the DBD of
human papillomavirus (HPV) protein E2 (10, 20) and Kaposi sarcoma-associated her-
pesvirus (KSHV) LANA (21). In addition to the � helices that interact with the major
groove of DNA, the N terminus makes sequence-specific contacts with the minor
groove, thereby clenching the DNA from both sides (12).

The DS element contains four EBNA1 dimer binding sites in a paired pattern (8) (Fig.
1A). Sites 1 and 2 and sites 3 and 4 are separated by 3 bp (8). In turn, 15 bp separate
sites 1 and 2 from sites 3 and 4. Nonamer sites capable of binding telomere repeat
binding factors 1 and 2 (TRF1 and TRF2) are found before site 1, after site 4 and
between sites 2 and 3 (8, 22). An intact DS is sufficient for plasmid replication in
EBNA1-expressing cells, but a DS half-site can still achieve DNA replication, albeit at
lower levels (8, 9). EBNA1 has no intrinsic catalytic activity (16) and cannot initiate
replication alone (22–24). It is thought to mediate its function in part by recruitment of
cellular replication machinery (4).

EBNA1 binding to the DS has four important characteristics. First, electrophoretic
mobility shift assays (EMSA) show that EBNA1 binding incurs large, smooth bends in the
DNA with predictions varying from 70 to 90° (4, 19). Second, the 3-bp spacing between
sites 1 and 2 and sites 3 and 4 is crucial for replication and suggests a precise interaction
between EBNA1 dimers on the DNA (4, 8, 25, 26). Third, EBNA1 dimers assemble on the
DS in a cooperative manner (8, 27). EBNA1 has the highest affinity for sites 1 and 4, but
the affinity for sites 2 and 3 is increased upon EBNA1 binding to sites 1 and 4 (4, 27).
Cooperativity is dependent upon residues within EBNA1’s DBD (27). Finally, the DNA
structure is predicted to change so as to accommodate the closely packed EBNA1
dimers (19).

To understand the molecular details of how EBNA1 binding to the DS initiates
replication, we determined the X-ray crystal structure of an EBNA1 dimer-dimer bound
to a DS half-site containing EBNA1 binding sites 4 and 3. The structure reveals an
important hydrogen bonding network between EBNA1 dimers and provides a molec-
ular rationale for the DNA bending and the strict requirement of the 3-bp separation
between EBNA1 binding sites. As predicted from our new structure, site-directed
mutagenesis of two key residues in the dimer-dimer interface (R491 and D581) resulted
in the loss of cooperative binding to paired DS sites, loss of DNA replication activity, and
impaired recruitment of DNA replication machinery in cell-based assays. These findings
indicate that EBNA1 dimer-dimer interactions are critical for the formation of a func-
tional origin of DNA replication at the DS element of oriP.

RESULTS
Structure of an EBNA1 dimer-dimer bound to dyad symmetry half-site. The

structure of a dimer-dimer EBNA1/DNA complex was solved by molecular replacement
with a resolution of 3.01 Å (Fig. 1 and Table 1). The complex crystallized in space group
P2 with two dimer-dimer EBNA1/DNA complexes per asymmetric unit (Fig. 1C). The two
complexes are nearly identical, with a root mean square deviation (RMSD) of 0.261 Å2

(Table 1); the predominant difference involves the DNA ends. DNA corresponding to
sites 3 and 4 of the DS element (referred to as DS34) was used for crystallization and
included the adjacent TRF binding sites (Fig. 1B). The second complex in the asym-
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metric unit (DimerDimer_2) lacks discernible electron density for several nucleotides at
each end of the duplex relative to the first complex (DimerDimer_1 [Fig. 1D]). Thus, our
discussion focuses on the first complex, DimerDimer_1, which has the most complete
DNA sequence observed in the electron density map.

Each EBNA1 dimer has the same overall structure and binds to DNA in the manner
as previously reported (10, 12, 19). Briefly, each subunit is comprised of three � helices
and four anti-parallel � strands. Upon dimerization, the � strands create an 8-stranded
antiparallel � barrel. Each N-terminal loop runs parallel to the DNA helical axis and then
falls into the minor groove of the DNA to grip the DNA tightly from either side (Fig. 2A
and B). The C� backbone comparison between each of the four dimers in the asym-

FIG 1 Structure of EBNA1 dimer-dimer on DS34. (A) Duplex DNA corresponding to the entire DS element. Sites 1 to 4 are labeled and shaded in blue.
The 3-bp separations between sites 4 and 3 and sites 2 and 1 are colored in purple. Orange shading indicates TRF1 and TRF2 binding sites. (B) Duplex
DNA used in crystallization of the complex. The same coloring as in panel A is used. Underlined bases in the TRF sites are those that had discernible
electron density in the crystal structure. (C) Crystal structure of EBNA1-DNA complex. The DNA coloring is the same as in panel A. One EBNA1 dimer is
colored in shades of green (chain A, darker; chain B, lighter); the other dimer is colored in shades of yellow (chain C, darker; chain D, lighter). (D) The
two dimer-dimer/DNA complexes of the asymmetric unit. DimerDimer1 is the focus of the paper. DimerDimer2 is rotated 90° into the plane of the page
relatively to DimerDimer1. The protein is green and in cartoon representation; DNA is in stick representation. PGP loops are indicated with arrows.
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metric unit as well as every other published EBNA1 dimer structure (10, 12, 19, 28) (apo
and DNA bound) is less than 1 Å2 (see Table S1 in the supplemental material). These
data indicate that no structural rearrangement of the dimers is necessary to accom-
modate the proteins at the DS half-site.

TABLE 1 Crystallographic statistics

Parameter Value(s) for EBNA1 dimer-dimer

Resolution range (Å) 50 – 3.0 (3.05 – 3.00)
Space group P 1 21 1
Unit cell (a, b, c [Å]; �, �, � [°]) 64.1, 283.4, 63.9, 90.0, 89.8, 90.0
Total no. of reflections 476,302
No. of unique reflections 44,937
Multiplicity 10.6 (8.5)
Completeness (%) 99.6 (98.7)
I/�(I) 8.1 (0.16)
Rsym 0.159 (2.682)
Rfactor 0.2434
Rfree 0.2815

RMS
Bonds 0.004
Angles 0.678

Ramachandran (%)
Favored 97.84
Outliers 1.98

Clashscore 8.69

FIG 2 Protein and DNA analysis. (A and B) The structures of the PGP loops and N-terminal arms are highlighted
from 90° rotational views. (C) DNA alone shown in stick representation; coloring is the same as in Fig. 1A. Helical
axes from center are represented as red lines. The angle between the axes measures at 120°. (D) The DNA from
the complex (yellow) and the structure of Bochkarev et al. (PDB code 1B3T) (gray) shown in surface representation.
The DNA for the structure of Bochkarev et al. (PDB code 1B3T) is shown directly under the analogous EBNA1
consensus sequence in the longer DNA. The same degree of unwinding is visually evident in both. (E) (Top)
Complex with 4-bp separation modeled on the DNA, with one dimer in taupe and the other in blue. (Bottom)
Complex with 2-bp separation modeled on the DNA, one dimer in taupe and the other in red.
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The DNA is smoothly bent, which allows the two dimers to interact productively
when bound to the DNA. The approximate angle between the DNA arc is 120° (Fig. 2C).
The EBNA1 consensus sequence deviations from B-form seen here are similar to those
previously reported (PDB code 1B3T) by Bochkarev et al. (12) (Fig. 2D). The unbound
DNA duplex ends, which correspond to the TRF binding sites, are most similar in
structure to B-form DNA. The functional requirement for 3-bp spacing between EBNA1
binding sites is depicted by modeling 4 or 2 bp (4) (Fig. 2E). It is clear from the modeling
that 4-bp spacing prevents dimer-dimer interactions, while 2-bp spacing leads to steric
clashing at the dimer-dimer interface.

The majority of the EBNA1 dimer/DNA contacts are as previously reported (12, 19);
however, differences are observed for the side chains of two amino acids. In the
structure reported by Bochkarev et al. (PDB code 1B3T) (12), N480 sits just out of
hydrogen bond reach to both ends of the DNA duplex. In this structure, the DNA
extends beyond the EBNA1 consensus sequence so that N480 can contact the phos-
phate backbone (Fig. 3A). This interaction is observed at the dimer-dimer interface and
the outer faces of the complex. Next, R538 in the structure reported by Bochkarev et al.

FIG 3 The dimer-dimer interface. (A) (Left) N480 from chain B (distal to the dimer-dimer interface)
interaction with DNA. (Right) N480 from chain A (green) and chain C (yellow) interaction with DNA at the
dimer-dimer interface. (B) (Left) R538 from chain A (green) interaction with DNA. (Right) R538 from chain
B (green) lies above the DNA, similar to the structure of Bochkarev et al. (PDB code 1B3T). Protein and
DNA are colored as in Fig. 1. (C) (Left) Close-up of the EBNA1 dimer-dimer interface. (Upper right)
Close-up of interface between chain A (green) and chain C (yellow). D581 and R491 form a hydrogen
bonding network at the dimer-dimer interface. (Lower right) Distal nonpolar interacting region at the
dimer-dimer interface.
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(PDB code 1B3T) contacts the phosphate backbone near the middle of the EBNA1
consensus sequence. The side chain remains proximal to the same area of DNA in the
new dimer-dimer structure; however, its contacts vary depending on which side of the
DNA helical axis the amino acids sit. R538 chain A (green) and R538 chain D (light
yellow) are on the same side of the DNA helical axis, and both donate hydrogen bonds
to the phosphate backbone in a manner similar to that seen in the structure reported
by Bochkarev et al. (PDB code 1B3T) (Fig. 3B). However, on the opposite face of this axis
lie R538 chain B (light green) and R538 chain C (yellow), neither of which contacts
the DNA.

The dimer-dimer interface. The newly identified dimer-dimer interface is symmet-

rical and buries 395 Å2 of surface area (Fig. 3C, left). The interface has two parts that we
characterize based on proximity to the DNA: a proximal predominantly nonpolar
interaction (Fig. 3C, bottom box) and a distal hydrogen bonding network (Fig. 3C, top
box). Several residues from the first and third � helices of opposing subunits come
together just above the 3-bp separation of DS3 and DS4. The lower van der Waals
interacting region involves the side chains of L488, L582, M584, and T585 from both
polypeptide chains and main chain atoms from A487. Above this set of interactions sits
an intricate hydrogen bonding network between R491 and D581. Each D581 accepts a
hydrogen bond across the dimer-dimer interface from the opposing R491. Additionally,
D581 and R491 of the same chain form a hydrogen bond, thus creating a four-way
hydrogen bonding network.

UniProt currently reports the polypeptide sequence for 24 EBNA1 variants. R491,
D581, and L488 are strictly conserved among these variants. Because R491 and D581
are intimately involved in the dimer-dimer interface, are strictly conserved, and con-
tribute the only polar interactions at this location, mutational studies focused on these
two residues.

Mutations in the dimer-dimer interface impair complex formation on DS DNA.
The wild type (WT) and five single point mutations of the EBNA1 DNA binding domain
were expressed in Escherichia coli and purified as hexahistidine-SUMO (small ubiquitin-
like modifier) tag fusion proteins (Fig. 4A). Mutants were chosen to disrupt the
hydrogen bonding network between the dimers by changing the side chain’s charge
(R491E and D581H), replacement with a nonpolar residue (R491A and D581A), or
putting a sterically larger amino acid at the interface (D581E).

None of these residues are reported to contact either the DNA phosphate backbone
or a specific nucleotide, so the dimers’ affinity for an EBNA1 consensus sequence was
predicted to be unaffected. To test this, we calculated a dissociation constant (Kd) for
each mutant binding to the DS binding site DS4 via Biacore technology. DS4 has
previously been shown to have the highest affinity of the EBNA1 binding sites in DS (8).
5=-Biotin-labeled DNA corresponding to the 18-bp binding site was coupled to flow cell
2 of a streptavidin (SA) chip; flow cell 1 served as a blank. Concentrations of fusion
protein ranging from 0 nM to 300 nM were tested for binding by Biacore (Fig. 4B and
Fig. S1). As predicted, the Kd values were all very similar to those for the WT (Fig. 4B and
C). The D581H mutant was the weakest-binding protein of the mutants, but its Kd value
of 49.6 nM is marginally weaker than that of the WT.

To next test these mutants’ ability to make stable dimer-dimer complexes on DNA,
we used two techniques: Biacore and EMSA. Again, 5=-biotinylated DNA corresponding
to DS34 was coupled to a Biacore flow cell. Similar concentrations of each SUMO-EBNA1
protein were tested as described above (Fig. 5 and Fig. S1). Deviations from WT
behavior were detected (Fig. 5, graphs). WT EBNA1 binds in a cooperative manner with
a Hill coefficient of 1.96. Cooperative binding for the D581H and D581A mutants was
mildly affected, with Hill coefficients of 1.66 and 1.57, respectively. However, the R491E,
R491A, and D581E mutants were significantly impaired, with Hill values ranging from
1.18 to 1.37. This loss of cooperativity between the dimers indicates either that both
dimers can get on the DNA but not productively interact with each other or that only
one dimer is bound to the DNA at a time.
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We then analyzed the binding of the mutant dimers to DS34 by EMSA (Fig. 5, gel
images). Similar to Biacore analysis, strong differences between the WT and the
mutants were apparent. The WT formed dimer-dimer pairs on the DS34 DNA; very little
DS34 with only one dimer bound is seen in the gel. The D581E mutant, which had the
lowest Hill coefficient in Biacore, preferentially formed one dimer bound to DS34. At
higher concentrations, a dimer-dimer complex formed but migrated as a smeared
band, suggesting that the complex was either not stable or less compact or aggregated
improperly (Fig. 5B to F, vertical lines). Similar observations were made in gels for the
R491E and R491A mutants. The D581H mutant showed the most cooperative binding,
with a Hill coefficient with DS34 at 1.66. These data indicate that mutations in the
dimer-dimer interface compromise cooperative DNA binding in both EMSA and Biacore
assays and that most radical mutations, D581E and R491E, have the most severe effect
on cooperativity.

Dimer-dimer interphase mutants have compromised replication and binding
activity in cells. EBNA1 protein binding to the DS is essential for successful EBV
episome replication. We asked if these dimer-interface-disrupting mutants could rep-

FIG 4 The EBNA1 mutants. (A) Coomassie gel of purified 6�His-SUMO tagged mutant proteins used in
Biacore and EMSA studies. (B) Kd plots (fraction of complex versus [EBNA]) for all 6�His-SUMO-EBNA1
proteins binding to biotinylated DS4 DNA on the Biacore. Biacore sensorgrams used to make these plots
are in Fig. S1. (C) Observed Kds for EBNA1s binding to DS4 were calculated by Biacore evaluation
software. Biacore sensorgrams used to make these plots are in Fig. S1 (left).
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licate a plasmid containing the oriP element (Fig. 6). A derivative of the pREP10 plasmid
containing the oriP and full-length EBNA1 (B95.8) lacking the GA repeats was used to
generate each of the five mutants by site-directed mutagenesis. Plasmids were trans-
fected into 293T cells and cells were grown for 3 days. EBNA1 proteins were assayed by
Western blotting and shown to be expressed as similar levels (Fig. 6A). Plasmid DNA
was recovered from the cells by Hirt lysate preparations. Recovered DNA was either
uncut to measure total DNA input or cut by DpnI to leave only plasmids replicated
within the mammalian cells. Southern blots were made from gels containing both input
and DpnI cut samples and then probed with 32P-labeled plasmid (Fig. 6B) and quan-
tified (Fig. 6C). We found that all the dimer-dimer interface mutants were impaired for
replication activity. Importantly, the R481E and D591E mutants were most severely
compromised for DNA replication, consistent with their more significant disruption of
cooperative DNA binding in EMSA and Biacore (Fig. 5). We also measured the ability of
these EBNA1 mutants for episome maintenance using a colony formation assay (Fig.
6D). This assay reflects that ability to maintain stable episomes over many cell gener-
ations under hygromycin selection. We found that all of the EBNA1 dimer-dimer
interface mutants had reduced episome maintenance relative to that of WT EBNA1,
with those of the R491E and D58E mutants the most severely reduced, consistent with
loss of function in DNA replication and cooperative DNA binding.

We next asked if two most severely impaired mutants, the R491E and D581E
mutants, were able to bind to oriP and recruit key protein complexes for DNA

FIG 5 Biacore and EMSA results for EBNA1 mutants binding to DS3 � 4. (A to F) The left sides of the panels show Biacore Kd plots (fraction of complex versus
[EBNA]) for all 6�His-SUMO-EBNA1 proteins binding to biotinylated DS34 on the Biacore. Hill coefficients (h) were determined with GraphPad Prism and are
indicated for each mutant. Biacore sensorgrams used to make these plots are in Fig. S1. The right sides of the panels show EMSA results for IRDye700-labeled
DS34 binding to each 6�His-SUMO-EBNA1 mutant. Concentrations of protein are listed for each well. Unbound DNA, DNA plus dimer, and DNA plus
dimer-dimer bands are indicated for each gel. Vertical lines indicate an unstable or aggregated complex. (A) WT EBNA1, (B) R491E, (C) R491A, (D) D581E, (E)
D581H, (F) D581A.
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replication at oriP (Fig. 7). We first verified that the EBNA1 WT and R491A and D581E
mutants were expressed at similar levels (Fig. 7A) and were significantly impaired for
DNA replication (Fig. 7B and C). We then assayed these mutants for their behavior in
chromatin immunoprecipitation (ChIP) for binding at the DS and FR regions of OriP and
recruiting cellular replication helicase protein MCM3 (Fig. 7D). We found that both the
R491E and D581E mutants bound to the FR and DS regions of OriP but not to the
control ampicillin gene (AMP). The D581A mutant was reduced �2 fold relative to WT
EBNA1 at both DS and FR. Strikingly, both mutants were severely defective in their
ability to recruit MCM3 to the DS or FR compared with WT EBNA. These findings
indicated that mutations in the EBNA1 dimer-dimer interface that disrupt DNA repli-
cation function correspond with a similar disruption in the recruitment of the MCM
complex to OriP.

Modeling of mutant EBNA1 dimer-dimer surfaces. Cooperative EBNA1 binding to
DS is unlikely to fully account for replication origin function. To gain further insight into
other potential interaction surfaces, we mapped amino acid conservation on the
surface of the EBNA1 dimer-dimer complex (Fig. 8A). Areas responsible for DNA binding
are predictably conserved in this representation (Fig. 8A, red). The PGP loops, which are
known to be highly conserved and critical for EBNA1 replication function (29), form
stable and prominent wing-like structures extending perpendicular to the DNA axis.
The surface 180° from the DNA binding region is also highly conserved and not known
to be essential for EBNA1 function or mediate interactions. Based on the observed
patch of conservative amino acids, this surface is also likely to mediate important
functional interactions. Interesting, nestled in the center of this area is the surface
created by R491 and D581. We then used Chimera to model the interfaces of the
mutants (Fig. 8B). In contrast to the WT smooth interface, all the mutants are pitted and

FIG 6 OriP-dependent DNA replication and colony formation assays. (A) Western blot for transfected 293T cells
used for DNA replication assay probed for EBNA1 and the loading control, actin. (B) Representative Southern blot
results for all mutants. Input uncut DNA (left panel) and DpnI-resistant replicated DNA (right panel) are indicated.
(C) Quantitation of Southern blot results normalized to WT activity. Error bars indicate 1 standard deviation. All
mutant activity is statistically significant compared to WT activity (P � 0.05). (D) Colony formation assay for each
EBNA1 mutant plasmid in pREP10 using hygromycin resistance and quantified relative to WT EBNA1. Error bars
indicate standard deviation and P values of �0.05.
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uneven. Taken together with the failure of mutant EBNA1s to bind cooperatively,
stimulate DNA replication, and recruit MCM3 to the DNA, it is likely that these residues
are key to both stable binding of EBNA1 to the DNA and creating a surface or
architecture that helps bring cellular replication machinery to the site.

DISCUSSION

Latent infection of EBV requires the continued expression and proper function of the
viral protein EBNA1 (4). The C terminus of EBNA1 is responsible for dimerization and
binding to DNA consensus sequences at the EBV episome’s oriP and required for the
initiation of DNA replication by recruiting cellular origin recognition complex (ORC) and
MCM helicase complex (10–13, 30). The DS element contains four EBNA1 consensus
binding sequences in a paired orientation with each half-site (sites 1 and 2 and sites
3 and 4) representing a minimal origin of DNA replication (4, 8, 27). Previous structural
studies focused on a single EBNA1 dimer bound to an idealized consensus sequence
(12, 19). Here we present the crystal structure of an EBNA1 DBD bound to sites 3 and
4 of the DS element, which represents the first higher-order structure of EBNA1 bound
to the viral minimal origin of DNA replication at OriP.

Our data shows that the EBNA1 protein when bound to DS DNA does not undergo
any structural changes compared with previously reported EBNA1 protein structures

FIG 7 DNA replication and ChIP assay. 293T cells were transfected with plasmids for OriP control lacking the EBNA1 gene (pHEBO) or OriP vectors in pREP10
expressing WT EBNA1 or the R481E or D591E mutant. (A) Western blot for EBNA1 and the loading control, actin. (B) Southern blot analysis of plasmid DNA
replication assay for EcoRV-linearized (left) and EcoRV- and DpnI-digested (right) DNA probed with 32P-labeled OriP DNA. (C) Quantification of Southern blot
DNA replication assay for WT and mutant EBNA1 shown in panel B. (D) ChIP assay with antibodies to IgG, EBNA1, or MCM3 and assayed by quantitative PCR
(qPCR) at AMP, DS, and FR regions of the pREP10 plasmid.
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(Table S1). Instead, the DNA is strongly bent (Fig. 1C). This is consistent with biochem-
ical results from Bashaw and Yates (4), who published EMSA data showing that EBNA1
binding induced a large DNA bend with the center at the midway point between the
two EBNA1 binding sites. The differences in observed bending angles may reflect
differences in solution studies relative to crystallographic methods used in this study,
as well as different DNA substrates. Previous studies have also shown that interactions
between EBNA1 bound to paired DS sites were necessary for EBNA1-mediated DNA
bending and untwisting (31, 32).

Bashaw and Yates also demonstrated a strict need for the 3-bp separation between
DS sites; insertions or deletions of 1 to 2 bp between paired DS sites resulted in loss of
replication activity (4). Our new dimer-dimer crystal structure provides a molecular
rationale of the explicit need for a 3-bp separation between sites on the DS (Fig. 2E).
With 4 bp between the consensus sites, one dimer is rotated away from the other and
results in a loss of contact between dimers. The DNA could bend more to allow for
contact, but the resulting interface would be small and would not likely provide

FIG 8 Surface conservation of EBNA1. (A) DNA is shown in stick representation and colored as in Fig. 1A.
Both EBNA dimers are shown in surface representation and rainbow colored according to conservation
of amino acid. Red and orange are highly conserved; blue is not conserved. The surface created by R491
and D581 is boxed in light gray. (B) Modeled mutation of amino acids 491 and 581 of the WT and each
mutant. The WT structure reveals a network of hydrogen bonding at the dimer-dimer interface. Mutated
residues are colored cyan.
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enough stability to such a constrained structure. In contrast, when 1 bp is removed, the
second dimer sterically clashes with its partner. A 3-bp separation provides the neces-
sary orientation to create a biologically relevant and stabilizing interface between the
dimers.

The Kaposi’s sarcoma-associated herpesvirus (KSHV) episome maintenance protein
LANA, like EBNA1, was also found to bind cooperatively to multiple recognition sites in
the KSHV terminal repeat origin of plasmid replication (33). Like EBNA1, LANA dimers
bound with similar spacing between dimer binding sites and induced a smooth
bending of the DNA around the protein oligomers. Spacing between LANA-LANA
dimers was shown to be important for maintaining LANA proteins in the same phase
along the DNA axis (33). Similar to EBNA1, the LANA oligomeric interaction interface has
been found to be important for DNA replication and episome maintenance function,
suggesting that this structure may be involved in recruiting cellular factors critical for
replication origin formation (34).

We identified two residues at the interface that are essential to a successful
dimer-dimer interaction: R491 and D581. Mutating these residues resulted in impaired
dimer-dimer formation on the DNA and reduced replication of an oriP-containing
plasmid. These data are consistent with results from Bashaw and Yates, who also
effectively ruined the EBNA1 dimers’ ability to cross talk by inserting/deleting DNA base
pairs (4).

The DS element has four binding sites of various affinities; sites 1 and 4 are high
affinity, while sites 2 and 3 are lower affinity (27). Binding of EBNA1 to sites 1 and 4
increases the affinity of the protein for sites 2 and 3 (27). All residues necessary for this
cooperative activity of EBNA1 are within the DNA binding domain (27). Mutating
residue R491 or D581 resulted in loss of EBNA1 cooperative binding in biochemical
studies. Our structure highlights R491 and D581 as the molecular basis for EBNA1
cooperative binding to DS half-sites.

In addition to cooperative binding to DS, the dimer-dimer interface may contribute
more directly to origin replication function. It is possible that the interaction interface
between R491 and D581 creates a binding surface for cellular proteins required for DNA
replication. Mutations of R491A and D581A were defective in the recruitment of MCM3
as measured by ChIP assay (Fig. 7D). Both the R491E and D581E mutants are able to
create a dimer of EBNA1 dimers bound to DNA (Fig. 5); however, the EMSA data also
indicate that these EBNA1-DNA complexes are less stable and structurally different than
complexes formed by WT EBNA1. Since neither of these mutants could successfully
bring the MCM3 complex to the oriP, it is possible that the three-dimensional structure
induced by the EBNA1 dimer-dimer interface is key to recruiting certain cellular factors
to the EBV episome and producing successful plasmid replication.

We predict that EBNA1 binding to the other half of DS (DS1 and DS2) would look
similar to the structure reported here for DS34. The sequences of DS2 and DS1 differ
only slightly from those of DS4 and DS3, and the 3-bp separation, CCC versus GTT, is
likely to allow for similar flexibility at the interface (8). While these discrepancies could
lead to minor differences between the two half-sites, it is likely that the dimer-dimer
interface and overall structure would be highly similar. Full activity of the DS is
reconstituted by combination of all four DS binding sites, as well as the nonomer
repeats that bind telomere repeat factors (35). Our structure does not provide sufficient
resolution at these nonamer sites to determine if they are structurally perturbed. Future
studies with higher resolution, and cocrystals involving TRF1 and TRF2 in addition to
EBNA1, would further illuminate how the DS controls replication of EBV episomes in
cells.

The architecture of the FR region at the oriP is quite different than the DS. The FR
is a series of 20 tandem copies of 30-bp repeats. Each repeat is an 18-bp EBNA1 site
followed by an AT-rich 12-bp sequence. Seven sites are minimally needed for function,
and this region is essential to plasmid maintenance (35, 36). EBNA1 has recently been
crystallized as a trimer of dimers where the interface between dimers is distinct from
the dimer-dimer interface crystallized in this study (37). Mutation of key residues in that
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interface did not affect episome replication but strongly impaired episome mainte-
nance, suggesting that this multimer is important to EBNA1 assembly on the FR. Taken
together with the structure reported here, those findings lead us to propose that the
interfaces relevant to EBNA oligomerization at the DS and FR are distinct from each
other.

Latent EBV infection is associated with several cancers, including nasopharyngeal
carcinoma, which is endemic to Southeast Asia. Patients have a high probability of
recurrence or distant metastases and low survival rates (38, 39). Currently, no thera-
peutic option exists for latent EBV infection, but the idea that EBNA1 function can be
targeted by a small molecule is novel and has been explored with preliminary success
(40–42). The dimer-dimer structure reported here identifies a necessary interface for
EBV episome replication; when this interface is disrupted, replication of the plasmid is
impaired. Over time, this phenomenon will result in cellular loss of the EBV episome and
thus latent EBV infection. Recently, Gianti et al. computationally identified four drug-
gable pockets on the EBNA1 DBD surface capable of binding a small-molecule ligand
(43). One such pocket sits adjacent to this dimer-dimer interface and could be exploited
for small molecule drug development against latent EBV infection.

MATERIALS AND METHODS
EBNA1 DBD expression and purification. Residues 459 to 607 of B95.8 EBNA1 DBD were cloned

into a modified pET DUET vector containing the SMT3 gene, which encodes the yeast small ubiquitin-like
modifier (SUMO) protein. The hexahistidine and SUMO protein tag were fused to the N terminus of the
EBNA1 protein. E. coli cells were transformed with plasmid, grown in the presence of 100 �g/ml of
ampicillin, and induced via autoinduction (44). Cell pellets were resuspended in 20 mM Tris (pH 8.0), 1 M
NaCl, 5 mM �-mercaptoethanol, 1 mM MgCl2, 5 mM imidazole, 1 mM phenylmethane sulfonyl fluoride
(PMSF), and 100 �g/ml of lysozyme. Cells were lysed by sonication at 4°C, and the insoluble fraction was
separated by centrifugation at 18,000 rpm (SS-24 Sorvall) for 30 min. The soluble lysate fraction was
passed over preequilibrated nickel-nitrilotriacetic acid (Ni-NTA) resin (Qiagen) and washed with 20 mM
Tris (pH 8.0), 1 M NaCl, 5 mM �-mercaptoethanol, and 30 mM imidazole. Protein was batch eluted with
20 mM Tris (pH 8.0), 1 M NaCl, 5 mM �-mercaptoethanol, and 450 mM imidazole. Eluted protein was
mixed with 500 �g of SUMO1 protease. The cleavage reaction was dialyzed overnight into 20 mM Tris
(pH 8.0), 1 M NaCl, and 5 mM �-mercaptoethanol at 4°C. Purified EBNA was obtained by passing the
cleavage reaction over preequilibrated Ni-NTA resin. The protein was further purified using a size
exclusion column (HiLoad 26/60 Superdex 75; GE Life Sciences) equilibrated with 1 mM HEPES (pH 7.2),
500 mM NaCl, and 10 mM dithiothreitol (DTT). Fractions were run on a bis-Tris acrylamide gel to verify
size and purity. Finally, protein was pooled, concentrated, aliquoted, and frozen at �80°C for long-term
storage.

Site-directed mutagenesis. Primers were designed to generate the mutants (R491E, R491A, D581E,
D581H, and D581A) in the same modified pET DUET vector as previously described and the mammalian
vector pRep10. A two-stage PCR protocol for site-directed mutagenesis was adapted from Stratagene
(45). Following Dpn1 digestion and heat inactivation, PCR products were transformed into DH5� cells.
Purified plasmids from colonies were sequenced to confirm the mutations. 6�His-SUMO fusion proteins
were expressed and purified as previously described except that the 6�His-SUMO tag was not cleaved
from the protein.

Crystallization, data collection, and analysis. Purified WT EBNA1 from B95.8 concentrated at
10.5 mg/ml was incubated with a 1.5� molar excess of DS34 DNA (Fig. 1B). Crystals were grown for 24
to 36 h at room temperature in 200 mM sodium malonate (pH 6.75) and 24% polyethylene glycol 3350
(PEG 3350). Crystals were frozen in oil. Data were collected from a single crystal on the 19-DS-D beamline
at the Advanced Photon Source of Argonne National Laboratory (Argonne, IL). Data were indexed,
reduced, and scaled using HKL3000. The structure was solved by molecular replacement using PHASER
integrated into PHENIX (46) with the structure of Bochkarev et al. (PDB code 1B3T) as a search model (12).
Models were refined in PHENIX using simulated annealing, minimization, and individual B-factor refine-
ment. Between refinement cycles, the model was manually rebuilt using the program Coot (47). Data
collection and refinement statistics are summarized in Table 1.

DNA binding by Biacore. DNA corresponding to DS4 (biotin-5=-CTAACCTAATTCAATAGCATATGTTA
CCCAAC-3= and 5=-GTTGGGTAACATATGCTATTGAATTAGGGTTAG-3=) and DS34 (biotin-5=-TAACCCTAATT
CGATAGCATATGCTTCCCGTTGGGTAACATATGCTATTGAATTAGGGTTAG-3= and 5=-CTAACCCTAATTCAATA
GCATATGTTACCCAACGGGAAGCATATGCTATCGAATTAGGGTTA-3=) were purchased from Integrated DNA
Technologies. DNA was coupled to a Biacore T200-compatible streptavidin (SA) sensor chip (GE Health-
care Life Sciences). Binding between EBNA1 (0 nM to 200 nM) and these DNAs was performed in 20 mM
Tris (pH 8.0), 250 mM NaCl, 5 mM �-mercaptoethanol, and 1 mM MgCl2. Resulting sensorgrams were used
to obtain a Kd plot ([EBNA-DNA] versus [EBNA]). DS4 binding to EBNA1 (WT and mutants) were fit for Kd

(nanomolar concentration), Rmax, and chi2 using the Biacore T200 evaluation software (GE Healthcare Life
Sciences). Chi2 is less than 10% of Rmax for an acceptable data set. DS34 binding to EBNA1 (WT and
mutants) were fit in GraphPad Prism using the nonlinear regression (curve fit) model “Specific Binding
with Hill Slope.”
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DNA binding by EMSA. Both DNA strands corresponding to DS34 (as described above) were ordered
with a 5=-IRDye700 tag from Integrated DNA Technologies. All reactions were done in 20 mM Tris (pH
8.0), 100 mM NaCl, 5 mM �-mercaptoethanol, 1 mM MgCl2, and 7.6% glycerol, with 1 nM DNA. Concen-
trations of 6�His-SUMO-EBNA1 WT and mutants varied from 0 nM to 100 nM. Six percent acrylamide-TBE
gels were prerun for 30 min at 100 V. Reaction mixtures were incubated at room temperature for 10 min,
loaded immediately, and run for 45 min at 100 V. Gels were visualized with the Odyssey Clx imaging
system from Li-COR.

EBV episome replication assay, colony formation, and ChIP. pREP10 plasmids with B95.8 EBNA1
WT, mutant, or empty vector were transfected into 1.5 million HEK 293 cells (ATCC) growing in a 10-cm
plate with Lipofectamine 2000 according to the manufacturer’s protocol (Invitrogen). At 48 h posttrans-
fection, cells were replated into a 15-cm plate and allowed to grow for an additional 24 h. All cells were
harvested from the 15-cm plate and washed with 1� phosphate-buffered saline (PBS; Gibco), and pellets
were resuspended in 1 ml of 1� PBS. Twenty percent of the cells were lysed with radioimmunoprecipi-
tation (RIPA) buffer, and protein concentrations were determined via bicinchoninic acid (BCA) assay
(Pierce). Normalized samples were run on a bis-Tris acrylamide gel, transferred to a polyvinylidene
difluoride (PVDF; Bio-Rad) membrane, blocked with 5% milk, and probed with anti-EBNA1 (in-house) and
anti-�-actin-horseradish peroxidase (HRP) (Ab-Cam) to determine EBNA1 expression. Eighty percent of
the cells were lysed with Hirt lysate buffer (0.6% SDS, 20 mM EDTA, and 10 mM Tris [pH 7.6]) to extract
the plasmid DNA. Samples were treated with 200 �g of RNase (Invitrogen) and 200 �g of proteinase K
(New England BioLabs), and then aqueous fractions were taken after treatment with phenol-chloroform
(Sigma-Aldrich) and chloroform-isoamyl alcohol (Sigma-Aldrich). DNA was precipitated with isopropanol
on dry ice for 2 h and washed with 70% ethanol, and pellets were dried overnight. DNA was resuspended
in 50 �l of Tris-EDTA (TE) buffer and stored at �20°C until use.

Ninety percent of the extracted DNA was cut overnight at 37°C with DpnI (Fig. 6) or DpnI plus EcoRV
(Fig. 7). The remaining 10% was subjected to a mock digestion (Fig. 6) or linearized with EcoRV (Fig. 7).
DNA was purified following digestion by extraction with chloroform-isoamyl alcohol and precipitation by
ethanol. Pellets were washed with 70% ethanol, dried overnight, and resuspended in TE buffer. Samples
were loaded onto a 0.9% agarose gel and run at 50 V overnight. DNA within the gel was depurinated by
soaking in 0.25 M HCl for 15 min. After two washes with water, the DNA was denatured by soaking in
0.5 M NaOH and 1 M NaCl for 30 min. After two washes, the gel was soaked in neutralizing buffer (0.5 M
Tris [pH 7.4], 3 M NaCl) for 30 min. DNA was transferred to a nylon membrane (Millipore) and probed
with 32P-labeled WT plasmid. Gels were exposed overnight and read with the Typhoon phosphoimager
system (GE Healthcare).

Colony formation assay was done as described previously (28). 293T cells were cotransfected with
10 �g of OriP plasmids (REP10) expressing WT or EBNA1 mutants. The cells were split after 24 h and
selected with 0.5 �g/ml of hygromycin. After 2 weeks of selection, the resulting hygromycin-resistant
colonies were stained with toluidine blue (0.5 mg of toluidine blue in 2% sodium carbonate). Colonies
that were at least 2 mm in size were scored as positive. Colonies were counted using a colony counting
macro written with NIH Image.

Chromatin immunoprecipitation (ChIP) was performed using a procedure similar to that for the
replication assay. pREP10 plasmids with B95.8 EBNA1 WT and the R491E and D581E mutants were
transfected into 1.5 million HEK 293 cells (ATCC) growing in a 10-cm plate with Lipofectamine 2000
according to the manufacturer’s protocol (Invitrogen). At 48 h posttransfection, cells were replated into
a 15-cm plate and allowed to grow for an additional 24 h. The remaining steps were performed as previously
described (48).

Structure analysis. Buried surface area was calculated by uploading the coordinates for chains A and
C to the Protein Data Bank (in Europe) database PISA server v1.51 (22 September 2014). Surface
conservation was mapped using the ConSurf Server (49). The multiple-sequence alignment file used to
create Fig. 8 and the final coordinates of the dimer-dimer/DNA structure were input and the conservation
score was placed in the B-factor column. The new coordinates were opened in PyMOL (50), and the
protein surface was colored according to the B-factors. To model the mutant surfaces, individual amino
acid changes were drawn with Coot within the full dimer-dimer/DNA complex. PDB files were then
imported into Chimera and energy minimization was performed with standard settings. Mutant inter-
actions of the energy-minimized structures were rendered using PyMOL.

Data availability. The coordinates and structure factor files of EBNA1 dimer-dimer bound to the
dyad symmetry half-site have been deposited in the Protein Data Bank under accession code 6PW2.
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