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The ability of distant cis-acting DNA elements to interact functionally has been proposed to be mediated by
the interaction of proteins associated site specifically with those cis-acting elements. We have found that the
DNA-linking regions of EBNA1 are essential for its contribution to both replication and transcription. The
synthesis of plasmids containing the Epstein-Barr virus (EBV) origin of plasmid replication (oriP) can be
mediated entirely by the cellular machinery; however, the replicated molecules are lost rapidly from prolifer-
ating cells. When EBNA1 is provided in trans, plasmids containing oriP (oriP plasmids) are synthesized during
repeated S phases, and the newly formed daughter molecules are precisely segregated to the daughter cells. The
contribution(s) of EBNA1 to the stable replication of oriP plasmids is therefore likely to be postsynthetic. In
latently infected cells, EBNA1 also regulates the expression of multiple EBV promoters located as many as 10
kbp away. EBNA1 supports replication and transcription through binding to oriP; both the ability of EBNA1
to bind to DNA and the integrity of its binding sites in oriP are required. However, DNA binding by EBNA1
is not sufficient to support replication or transcription, indicating that an additional activity (or activities) is
required. EBNA1 links DNAs to which it binds and can form a loop between the two subelements of oriP, the
family of repeats and the region of dyad symmetry, each of which contains multiple binding sites for EBNA1.
We have constructed a set of derivatives of EBNA1 which contain both, one, or neither of its linking regions
in various contexts. Analyses of these derivatives demonstrate that the linking regions of EBNA1 are essential
for its support of replication and transcription and that the ability of derivatives of EBNA1 to link DNAs
correlates strongly with their support of these activities in cells. These findings indicate that protein-protein
associations of the linking regions of EBNA1 underlie its long-range contributions to replication and transcription.

Upon infection of primary B lymphocytes, the Epstein-Barr
virus (EBV) efficiently induces them to proliferate. The virus
establishes a latent infection in these cells, and the viral plas-
mid replicates in a manner similar to that of a cellular chro-
mosome (1). Specifically, viral DNA is replicated semiconser-
vatively, once per cell cycle, during the S phase. The EBV
origin of plasmid replication (oriP) is sufficient, when provided
in cis, to confer upon exogenous plasmids the ability to repli-
cate similarly (38, 50, 66, 68) and to be faithfully segregated to
daughter cells (31, 60). EBNA1 is the only viral protein re-
quired in trans for the stable replication of plasmids containing
oriP (oriP plasmids) (38, 50). In cells expressing EBNA1, oriP
plasmids containing a selectable marker are maintained indef-
initely as plasmids at a stable copy number under selective
conditions (31). In the absence of selection, oriP plasmids are
lost at a rate of 2 to 4% per cell per generation (31, 60), a rate
of loss comparable to that of highly stable ARS-CEN plasmids
in Saccharomyces cerevisiae (27, 36). Therefore, oriP is repli-
cated once in each S phase and is efficiently and evenly parti-
tioned to the nuclei of daughter cells.

oriP is an origin of DNA synthesis that can be recognized
entirely by cellular enzymes (3). oriP plasmids support at least
two rounds of DNA synthesis in the absence of EBNA1. In the
first 48 h following transfection, replicated oriP plasmids accu-
mulate to similar levels in the presence or absence of EBNA1.
During subsequent cell cycles, oriP plasmids are maintained at
similar numbers of copies per cell in the presence of EBNA1

but are lost rapidly in the absence of EBNA1. Thus, oriP is a
cis-acting sequence sufficient to facilitate synthesis by the cel-
lular replication apparatus, and EBNA1 acts postsynthetically
to ensure continued replication of oriP.

oriP is composed of two clusters of EBNA1-binding sites (48,
50). The family of repeats (FR) consists of 20 degenerate copies
of a 30-bp sequence to which EBNA1 binds with a high affinity;
the region of dyad symmetry (DS) has four truncated copies of
this repeat to which EBNA1 binds with a lower affinity (6, 30,
50). Individually, the FR with its flanking DNA and the DS
both facilitate DNA synthesis in the absence of EBNA1 (3).
Flanking the DS is an element called Rep*, which can partially
substitute for the DS in the support of replication (33). Like
the other elements of oriP, Rep* may also support the initiation
of DNA synthesis. In cells expressing EBNA1, replication initiates
predominantly at or near the DS (21). Like cellular origins (14),
oriP contains multiple elements which can facilitate DNA synthe-
sis and has one site at which synthesis predominantly initiates.

EBNA1 supports the stable replication of oriP plasmids
through postsynthetic contributions which ensure their persis-
tence in cells (3). oriP, or just the FR, is also a transcriptional
enhancer through which EBNA1 supports the activity of at
least two EBV promoters (22, 47, 49, 61). The ability of
EBNA1 to bind to oriP is necessary for its support of both
replication and transcription (46). The dimerization and DNA-
binding domain of EBNA1 is insufficient to support these ac-
tivities; in fact, this domain alone is a dominant negative in-
hibitor of these activities of wild-type EBNA1 (32). EBNA1
lacks the helicase and ATPase activities associated with origin-
binding proteins of other viruses, an observation consistent
with the fact that the synthesis of oriP is not dependent on
EBNA1 (20, 44). Interaction assays with yeast have identified
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numerous molecules which associate with EBNA1, but the
biological significance of these interactions remains unknown
(3, 16, 63). Mutagenesis of EBNA1 outside the region which
mediates dimerization and DNA binding has indicated that no
single domain is required for the support by EBNA1 of repli-
cation and transcription (67). One interpretation of this result
is that, in addition to its DNA-binding domain, EBNA1 con-
tains multiple, redundant domains which contribute to its ac-
tivities in cells. We wished to understand what, in addition to
DNA binding, is necessary for the support by EBNA1 of stable
replication and transcription.

We had previously shown that multiple domains of EBNA1
can independently mediate DNA linking (39). Therefore, the
linking domains are candidates for those domains that contrib-
ute to the support of replication and transcription. EBNA1
links bound DNAs via direct protein-protein interactions be-
tween the linking domains (40). EBNA1 can link the FR and
the DS of oriP and, in doing so, form a loop of the intervening
DNA (19, 59). Numerous other viral and cellular proteins
similarly form a DNA loop between sites to which they bind
(34, 35, 37, 58). Members of this family of linking-looping
proteins, which include EBNA1, E2 of bovine papillomavirus,
and the cellular transcription factor Sp1, regulate replication
and transcription; therefore, linking activity may contribute
generally to the regulation of these processes in cells. We have
tested the contribution of DNA linking to the support by
EBNA1 of replication and transcription.

EBNA1 has two regions rich in basic residues and each
containing domains sufficient to mediate DNA linking (39).
These basic regions are termed linking region 1 (amino acids
40 to 89) and linking region 2 (amino acids 328 to 377). We
have constructed a set of derivatives of EBNA1 designed to
test the contributions of these regions to the activities of
EBNA1. These derivatives lack one or both of the linking
regions or have one of the linking regions replaced by the
other. The ability of the derivatives to support replication and
transcription was dependent on the linking regions. The effi-
ciency with which the derivatives linked DNA was a function of
the number of linking regions that they contained. Strong cor-
relations between the efficiency of linking by derivatives of
EBNA1 and their support of replication and transcription are
consistent with linking contributing to the activities of EBNA1
in cells. Linking regions 1 and 2 were functionally redundant in
their contributions to the support by EBNA1 of replication;
either linking per se or another activity shared by the linking
regions underlies these contributions. We propose several
mechanisms by which linking may contribute to the support by
EBNA1 of replication and transcription and infer how other
viral and cellular proteins which can link DNA may function
similarly.

MATERIALS AND METHODS

Plasmids. The EBNA1 expression plasmids p1160 and p1553, which contain
the genes 1160 and 1553, respectively, have been described previously (2, 45).
Standard PCR-based cloning strategies were used to generate the new deriva-
tives. The expression of all the derivatives of EBNA1 is under the control of the
cytomegalovirus (CMV) immediate-early (IE) promoter. The derivatives contain
only amino acids from EBNA1, with the following exceptions: 1893 has a valine
and a methionine following the Gly-Gly-Ala repeats and preceding amino acid
378, 1767 has a leucine and a methionine following the Gly-Gly-Ala repeats, 1763
has an alanine and a methionine following the Gly-Gly-Ala repeats, 1891 has a
valine and a methionine preceding amino acid 378, and 1747 has a serine and a
methionine following the Gly-Gly-Ala repeats. An ABI automated DNA se-
quencer (Applied Biosystems) was used to verify the sequence of each derivative.
pCDNA3 (Invitrogen), which has the CMV IE promoter but expresses no pro-
tein, served as a negative control.

The replication reporter plasmids were 1591 (with oriP) and 1381 (without
oriP). Plasmid 1381 has been described previously (32). Plasmid 1591 was con-
structed as follows. The AatII-to-BamHI fragment from 994 (31), which contains

oriP, was introduced into the AatII and BamHI sites in pUC19. The resulting
plasmid was then cut with StuI and HindIII (the HindIII site was blunted with the
Klenow fragment), and a BsmBI-to-BamHI fragment (each site was blunted with
the Klenow fragment), which contains the simian virus 40 (SV40) IE promoter
driving the expression of the neomycin resistance gene, was introduced. The
insert came from a derivative of pSV2Neo (56) which had previously been cut
with NsiI, blunted with mung bean nuclease, and religated. This fragment, which
contains only one of the 72-bp repeats from SV40, is oriented with the promoter
from SV40 driving transcription away from the DS of oriP.

The transcription reporter plasmid FR-TK-Luciferase has been described pre-
viously (44). Briefly, this plasmid contains the FR of oriP upstream of the herpes
simplex virus thymidine kinase promoter driving the expression of the luciferase
gene. In the transcription assays, pEQ176 (52), which has the CMV IE promoter
driving the expression of the b-galactosidase gene, was used as an internal
control for transfection efficiency.

Cells and transfections. 143B (7) and 293 (23) cells were grown in Dulbecco
modified Eagle medium supplemented with 10% bovine calf serum and fetal calf
serum, respectively. Plasmids were transfected into both cell types as a calcium
phosphate precipitate (51). The precipitate was placed on adherent 293 cells in
a standard fashion. 143B cells were suspended by trypsinization, combined with
the precipitate, and placed in a new tissue culture dish. For each cell type, the
medium was refreshed 6 to 8 h after the addition of the precipitate.

Western blotting. Between 1 and 6.4 mg of each EBNA1 expression plasmid
was transfected into 293 cells. We adjusted the amount of each expression
plasmid that was transfected in order to normalize the expression of the deriv-
atives. The total amount of CMV IE promoter-containing plasmid used per
transfection was kept constant by supplementation with pCDNA3. The cells were
grown for 48 h prior to harvest. Western blotting was done by standard protocols
(51). Briefly, extracts were separated on sodium dodecyl sulfate–10% polyacryl-
amide gels and transferred to nitrocellulose membranes. After blocking was done
with 10% fat-free milk and 0.05% Tween 20, blots were exposed to a rabbit
anti-EBNA1 polyclonal antiserum. This antiserum was raised against a fusion
protein containing amino acids 7 to 37 and 420 to 617 of EBNA1 and primarily
or entirely recognizes the DNA-binding domain (57). The secondary antibodies
were either alkaline phosphatase-conjugated goat anti-rabbit antibodies (Boehr-
inger Mannheim Biochemicals) (data not shown) or 35S-labeled donkey anti-
rabbit antibodies (Amersham) (Fig. 1B). The 35S-labeled blot was visualized and
quantified with a PhosphorImager (Molecular Dynamics).

Replication assays. 143B cells were transfected with 1 to 6.4 mg of each
EBNA1 expression plasmid, 10 mg of 1591, and 7.3 mg of 1381 (equimolar
amounts of 1591 and 1381). After 96 h, the cells were harvested, and low-
molecular-weight DNA was extracted by the method of Hirt (28) and digested
exhaustively with DpnI. A modified version of a quantitative competitive PCR
assay (32) was used to quantify the amounts of DpnI-resistant 1591 and 1381; the
modified assay did not use radioactive primers. The PCR products of 1591, 1381,
and a competitor were resolved in an agarose gel, visualized with ethidium
bromide, and quantified with a charge-coupled device camera (IS-1000 digital
imaging system; Alpha Innotech Corporation). The amounts of 1591 and 1381
were determined by identifying the amount of competitor DNA which yielded
the same amount of product.

Transcription assays. Cells were transfected with 0.1 to 0.64 mg of each
EBNA1 expression plasmid (10% as much of each derivative as was used for
Western blotting and replication assays), 100 ng of FR-TK-Luciferase, and 100
ng of pEQ176 (see above). Cells were grown for 48 h and harvested, and
luciferase activity and b-galactosidase activity were measured (with kits from
Bio-Rad and Tropix, respectively). The b-galactosidase activity was used to
normalize the luciferase activity from each transfection.

DNA-linking assays. 293 cells were transfected with 1 to 6.4 mg of each
EBNA1 expression plasmid, and whole-cell extracts were prepared. Cell pellets
were resuspended at 108 cells/ml in a buffer consisting of 50 mM Tris (pH 7.5),
5 mM EDTA, 0.8 M NaCl, and 0.3% Nonidet P-40, sonicated, and incubated at
room temperature for 15 min, and then an equal volume of 50 mM Tris (pH 7.5)
was added. The extracts were microcentrifuged at 12,000 3 g for 10 min at 4°C,
and the supernatant was used. A similar extract was prepared from untransfected
293 cells. The total amount of extract in each reaction was kept constant. The
probe DNA, which is 131 bp long and contains two binding sites for EBNA1, is
the SalI-to-PstI fragment from p880 (45). This fragment was purified from an
agarose gel, quantified, and labeled by filling in the ends with the Klenow
fragment in the presence of [a-32P]dCTP (Amersham). Extracts, 4 fmol of probe,
and 1.35 mg of poly(dl) z poly(dC) (Pharmacia) were combined in reaction
mixtures with a final NaCl concentration of 0.3 M and incubated at room
temperature for 30 min. Reactions were resolved by electrophoresis at 15 to 25
mA through 4% polyacrylamide gels in 0.53 TBE (45 mM Tris-borate, 1 mM
EDTA). Gels were dried under vacuum at 80°C onto 3MM chromatography paper
(Whatman), and a PhosphorImager was used to visualize and quantify the data.

RESULTS

Structures of derivatives of EBNA1. We wished to deter-
mine whether DNA linking contributes to EBNA1 activities in
cells. Because the linking regions are large and contain multi-
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ple domains which can independently mediate linking (39),
subtle mutations which substantially affect linking are unlikely
to be identified readily. Therefore, we constructed derivatives
of EBNA1 with gross deletions or rearrangements of the link-

ing regions (Fig. 1A). Derivatives of EBNA1 in one set each
contain two linking regions. These derivatives contain either
linking region 1 and linking region 2 in various contexts (1553,
1743, and 1745) or substitutions of linking region 1 for linking

FIG. 1. Structure and expression of derivatives of EBNA1 studied. (A) Linking region 1 (amino acids 40 to 89) and linking region 2 (amino acids 328 to 377) are
regions rich in basic residues; each has been shown to link DNAs. All the derivatives of EBNA1 contain amino acids 451 to 641, which include a domain sufficient for
dimerization and site-specific DNA binding. Amino acids 379 to 391 (gray box) contain a nuclear localization sequence (NLS) which is present in all the derivatives.
The Gly-Gly-Ala repeats (black box) constitute a domain consisting solely of glycines and alanines. The Gly-Gly-Ala repeats in the derivatives contain only 15 amino
acids of the 239 in EBNA1 from the B95-8 strain of EBV. However, the 1553 derivative of EBNA1 supports replication and transcription as well as does full-length
EBNA1 and is considered wild type in this study. The amino acid numbers are from EBNA1 of the B95-8 strain. (B) Representative Western blot demonstrating that
each derivative is expressed in cells in tissue cultures. Plasmids expressing the derivatives of EBNA1 were introduced into 293 cells as calcium phosphate precipitates.
After 48 h, cells were harvested and counted, and the indicated numbers were run on sodium dodecyl sulfate-polyacrylamide gels. Following transfer to nitrocellulose,
blots were probed with a rabbit polyclonal antiserum which detects amino acids 451 to 641 of EBNA1. A 35S-labeled secondary antibody (donkey anti-rabbit) was used
to detect the bound anti-EBNA1 antibodies. Various numbers of cell equivalents expressing the 1891 derivative were used to generate a standard curve. The relative
level of expression of each derivative (with 1553 set to 1) was interpolated from this curve and is shown below the blots. Independent qualitative experiments with an
alkaline phosphatase-linked secondary antibody also indicated that the derivatives were expressed similarly (data not shown).
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region 2 (1893) and of linking region 2 for linking region 1
(1767). Derivatives in a second set contain one linking region
in various contexts (1708, 1710, 1763, 1891, and 1747). A final
set consists of derivatives containing neither linking region
(1709 and 1160). All of the derivatives contain the nuclear
localization sequence within amino acids 379 to 391 (5). Each
derivative also contains amino acids 451 to 641, which include
the necessary residues for dimerization and site-specific DNA
binding (5, 10, 12, 29). Several derivatives contain a truncated,
15-amino-acid version of the Gly-Gly-Ala repeats. Aside from
the truncated Gly-Gly-Ala repeats, the 1553 derivative is iden-
tical in sequence to EBNA1 from the B95-8 strain of EBV (8).
The 1553 derivative and EBNA1 from B95-8 indistinguishably
support replication and transcription in tissue cultures (69);
therefore, the 1553 derivative is considered wild type in this
study.

Each derivative of EBNA1 was detectably expressed follow-
ing its transfection into 293 cells (Fig. 1B). The amounts of
DNA transfected were chosen to minimize both the range of
expression of derivatives and the range in levels of DNA
needed to provide this expression. From 1 to 6.4 mg of each
DNA was transfected; these amounts provided levels of ex-
pression of each derivative within 10-fold of one another. The
variation in both the amount of DNA transfected and the level
of the derivatives expressed is independent of their activities
(compare Fig. 1B, 2, and 3). The specific amount of each
plasmid used in this calibration experiment was identical to the
amounts used in the replication assays, and 1/10 as much of
each plasmid was used in the transcription assays.

Ability of derivatives of EBNA1 to support replication. We
determined the ability of derivatives of EBNA1 to support
replication in a short-term assay (Fig. 2A). Expression plas-
mids for each derivative of EBNA1 were cotransfected with a
replication reporter plasmid (containing oriP) and a replication
control plasmid (lacking oriP) into 143B cells. After 96 h, the
cells were harvested and low-molecular-weight DNAs were
isolated by Hirt extraction (28). The transfected DNA was
prepared from dam1 Escherichia coli and thus was sensitive to
cleavage by DpnI. DpnI cleaves DNA that is fully methylated
or hemimethylated by dam methylase (3); therefore, only plas-
mids which have undergone two rounds of synthesis will yield
DNA resistant to digestion with DpnI. A quantitative compet-
itive PCR assay (32) was used to measure the extent of repli-
cation of the plasmids containing and lacking oriP. This assay
has been validated previously by use of Southern blotting with
related oriP plasmids in the same cells (32).

The ability of each derivative of EBNA1 to support the
replication of an oriP plasmid in this short-term assay was
measured in four independent experiments (Fig. 2B). Within
each experiment, the amount of replicated oriP plasmid in cells
expressing 1553 was set to 100%. In general, derivatives with
two linking regions supported replication in a manner similar
to that of 1553, derivatives with one linking region supported a
reduced level of replication, and derivatives with neither link-
ing region did not support replication above the background
level observed with pCDNA3 (control plasmid expressing no
EBNA1). Two exceptions to this generalization are 1745 and
1710, which are similar to 1743 and 1708, respectively, but lack
amino acids 392 to 450 and are impaired in their support of
replication. Thus, to support oriP-dependent replication fully,
EBNA1 requires two linking regions and amino acids 392 to
450. In a parallel experiment, derivatives of EBNA1 supported
the replication of oriP similarly in 293 cells and in 143 cells.
Derivatives 1893 and 1767, each with two linking regions, had
activities similar to that of 1553; derivatives 1891 and 1708,
with only one linking region, had reduced activities; and de-

FIG. 2. Derivatives of EBNA1 support the replication of oriP plasmids to
different degrees. (A) Plasmids expressing derivatives of EBNA1 were intro-
duced as calcium phosphate precipitates into 143B cells along with a replication
reporter plasmid (containing oriP) and a replication control plasmid (lacking
oriP). After 4 days, plasmid DNA was isolated by Hirt extraction, linearized with
HindIII, and digested with DpnI, which cleaves input DNAs that have not
undergone multiple rounds of DNA synthesis. A quantitative competitive PCR
assay was used to measure the amounts of replicated plasmids containing and
lacking oriP. (B) Average amount of replicated oriP plasmid measured in trans-
fections with derivatives of EBNA1. The amount of replicated oriP plasmid in
cells expressing 1553 was set to 100% for each experiment. The control plasmid
(pCDNA3; Cont.) has only the CMV IE promoter and expresses no EBNA1.
The amount of replicated plasmid lacking oriP, measured simultaneously for all
points, was smaller than the amount of replicated plasmid containing oriP from
cells transfected with pCDNA3 (data not shown). Shown are the averages and
standard errors from four experiments (six data points for 1743 and 1893, five
data points for 1767, and three data points for all other derivatives).
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rivative 1160, lacking linking regions, had activity close to back-
ground activity (data not shown).

Linking region 1 and linking region 2 are equivalent in their
contributions to the support of replication by derivatives of
EBNA1. Derivatives with either linking region alone, exclud-
ing 1710, which lacks amino acids 392 to 450, supported rep-
lication similarly (10 to 23% as efficiently as 1553). Further-
more, derivatives in which each linking region was substituted

for the other (1893 and 1767) supported replication as well as
did 1553. That linking region 1 and linking region 2 contribute
equally to the support of replication by EBNA1 indicates that
linking per se or some other activity shared between them
contributes to the support of DNA replication by EBNA1.

Ability of derivatives of EBNA1 to support transcription.
Expression plasmids for each derivative of EBNA1 were co-
transfected with FR-TK-Luciferase (Fig. 3A) into 143B (Fig.
3B) or 293 (Fig. 3C) cells. Cells were harvested 48 h after
transfection, and luciferase activity was measured. Within each
experiment, the luciferase activity in cells expressing 1553 was
set to 100%. The average signals with the control plasmid,
pCDNA3, were 1.3% in 143B cells and 7.9% in 293 cells.

The linking regions are not equivalent in their support of
transcription. In 143B cells (Fig. 3B), the derivative containing
two copies of linking region 2 (1767), which fully supported
oriP-dependent replication, was significantly impaired in its
support of transcription. Otherwise, the ability of the deriva-
tives to support transcription mirrored their ability to support
replication. Derivatives which contained only one linking re-
gion (1708, 1710, 1763, 1891, and 1747) were much less active
than derivatives with both linking regions (1553 and 1743) or
two copies of linking region 1 (1893) but were more active than
derivatives with neither linking region. Application of the Wil-
coxon rank sum test indicated that, in 143B cells, each deriv-
ative with one linking region supported transcription signifi-
cantly better than 1709 and 1166 (P, ,0.05), except for 1763
(P, 0.09). The ability of derivatives of EBNA1 to support tran-
scription in 293 cells (Fig. 3C) differed from that in 143B cells.
In 293 cells, derivatives containing one copy of linking region
2 (1708, 1710, and 1763) supported transcription in a manner
comparable to that of 1553, and duplication of linking region 2
(1767) did not augment this activity. In 293 cells, as in 143B
cells, derivatives containing one copy of linking region 1 (1891
and 1747) supported transcription slightly, although signifi-
cantly better than 1709 and 1160 (P, ,0.03), and the derivative
with a duplication of linking region 1 (1893) supported tran-
scription fully. The contribution of linking region 1 but not that
of linking region 2 to the support of transcription by EBNA1
can be augmented by duplicating that region within EBNA1.

The deletion of amino acids 392 to 450 diminished the ability
of EBNA1 to support transcription. In each cell type, 1745 and
1710 were less active than 1743 and 1708, respectively. How-
ever, this deletion decreased the support of transcription less
markedly than it affected the support of replication.

Ability of derivatives of EBNA1 to link DNA. The ability of
derivatives of EBNA1 to link DNA was determined with an
electrophoretic mobility shift assay (39). In this assay, DNAs
linked by EBNA1 are incorporated into large complexes which
are unable to migrate appreciably into the gel. This assay has
been validated previously by electron microscopic analyses of
intramolecular linking (19, 59) and by enhancement of ligation
of DNAs mediated by their linkage (39). A representative
experiment for a subset of the derivatives is shown in Fig. 4A.
Various amounts of whole-cell extract expressing derivatives of
EBNA1 were incubated with a DNA containing two binding
sites for EBNA1 in the presence of a constant, total amount of
cell extract. The amounts of EBNA1-expressing extract were
adjusted so that the percentage of bound DNA spanned 50%
for each derivative. For each derivative tested, the percentage
of DNA linked was plotted against the percentage bound (Fig.
4B). These plots were used to interpolate the percentage of
DNA linked by each derivative when 50% of the DNA was
bound, and this value was defined as the linking activity of that
derivative.

The linking activity of derivatives of EBNA1 is a function of

FIG. 3. Derivatives of EBNA1 support transcription through the FR to dif-
ferent degrees. Plasmids expressing derivatives of EBNA1 or pCDNA3 (Cont.)
and FR-TK-Luciferase (A) were introduced as calcium phosphate precipitates
into 143B (B) and 293 (C) cells, and luciferase activity was measured 48 h later.
A plasmid expressing b-galactosidase (pEQ176) was included with each trans-
fection, and b-galactosidase activity was used to normalize each transfection. In
each experiment, the normalized luciferase activity measured in cells expressing
1553 was set to 100%. Shown in panels B and C are the averages and standard
errors for each derivative from four separate experiments in each cell type. HSV
TK, herpes simplex virus thymidine kinase.
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the number of linking regions that they contain. The linking
assay was conducted three times (Fig. 4C), and in each exper-
iment the linking activity of 1553 was set to 100%. In all three
experiments, the derivatives with two linking regions (1553,
1743, 1893, and 1767) had the highest linking activities, the
derivatives with one linking region (1708, 1763, 1891, and
1747) had intermediate linking activities, and the derivatives
with neither linking region (1709 and 1160) had the lowest
linking activities. Derivatives of EBNA1 with one linking re-
gion link DNAs more efficiently than those with neither linking
region but less efficiently than those with two linking regions.

DNA linking correlates with biological activities. The link-
ing activity of derivatives of EBNA1 measured in Fig. 4 was
compared to their activities measured in cells in Fig. 2 and 3.
Because amino acids 392 to 450 do not contribute to DNA
linking (39) but do affect the support of replication (Fig. 2) and
transcription (Fig. 3) by EBNA1, derivatives lacking them
(1710 and 1745) are not included in these comparisons (Fig. 5).
For the derivatives of EBNA1 tested in Fig. 4, their average
linking activity was plotted against their support of oriP-depen-
dent replication (Fig. 5A) and transcription in 143B (Fig. 5B)
and 293 (Fig. 5C) cells. The application of the Kendall rank

correlation test indicated that linking activity correlates with
the support of replication (P, 0.003) and transcription in 143B
(P, 0.003) and 293 (P, 0.02) cells. These correlations are con-
sistent with DNA linking contributing to the support of repli-
cation and transcription by EBNA1.

DISCUSSION

The ability of derivatives of EBNA1 to link DNA is a func-
tion of the number of linking regions that they contain (Fig. 4),
as is their ability to support the replication of oriP plasmids
(Fig. 2). The support of replication correlates strongly with
DNA linking (Fig. 5A). The ability of derivatives of EBNA1 to
support transcription in two cell types (Fig. 3) also correlates
with DNA linking (Fig. 5B and C). The correlation of DNA
linking by EBNA1 with its support of replication and transcrip-
tion is consistent with linking contributing to its support of
these activities in cells. Amino acids 392 to 450 of EBNA1
contribute to the support of replication and transcription (Fig.
2 and 3) but do not contribute to DNA linking by EBNA1 in
vitro (39). Derivatives with a deletion of these residues, which
may function in vivo as a structural element, are therefore
excluded from comparisons of these activities.

Linking region 1 and linking region 2 contribute equally to
the support of oriP-dependent replication (Fig. 2). Derivatives
of EBNA1 which contain one copy of either linking region
support similar levels of oriP-dependent replication (compare
1708, 1763, 1891, and 1747). Derivatives which contain two
linking regions also support similar levels of replication (com-
pare 1553, 1743, 1893, and 1767). The linking regions contrib-
ute combinatorially to the support of replication; derivatives
with two linking regions are more active than those with one
linking region. The linking regions are also functionally redun-
dant. Derivatives in which one linking region is replaced by the
other (1893 and 1767) support replication as well as derivatives
containing both linking regions (1553 and 1743). Therefore,
the contributions of the linking regions to the support of DNA
replication by EBNA1 are equal, combinatorially active, and
functionally redundant. The contributions of the linking re-
gions to DNA linking mediated by EBNA1 are also equal,
combinatorially active, and functionally redundant (Fig. 4),
indicating that linking underlies the support of replication by
EBNA1. However, the linking regions may share an activity
other than linking which contributes to the support of replica-
tion by EBNA1. Aside from being rich in glycines and argi-
nines, the linking regions show no significant sequence identity
or similarity. EBNA1 has been shown to bind RNA nonspe-
cifically, and three RGG motifs within EBNA1 are thought to
contribute to this binding (55). Linking region 2 contains two
of these RGG motifs, but linking region 1 contains only part of
the third motif. The derivative of EBNA1 with two copies of
linking region 1 (1893) has no intact RGG motifs and supports
replication and transcription as well as wild-type EBNA1.
Therefore, we find it most likely that linking per se underlies
the support of replication by EBNA1.

The linking regions are not equivalent in their support of
transcription. The activities of these regions, relative to one
another, differ in 293 and 143B cells. In 293 cells, derivatives of
EBNA1 containing only linking region 2 support transcription
better than those with only linking region 1 (Fig. 3C, compare
1708, 1710, and 1763 with 1891 and 1747). In 143B cells, these
derivatives all support similar, low levels of transcription (Fig.
3B). Linking region 1, but not linking region 2, is combinato-
rially active. A derivative of EBNA1 containing two copies of
linking region 1 supports transcription better than derivatives
with one copy of linking region 1 (Fig. 3, compare 1893 with

FIG. 4. Derivatives of EBNA1 differ in linking activity measured in a gel shift
assay. (A) Extracts of 293 cells expressing various derivatives of EBNA1 were
incubated with a radiolabeled, 131-bp DNA containing two EBNA1-binding
sites. When a derivative of EBNA1 only binds to this DNA (as with 1160), its
mobility is reduced, but the protein-DNA complex still enters the gel. When a
derivative of EBNA1 binds to and links this DNA (as with 1553), the linked
complex does not migrate appreciably into the gel. The amounts of extracts
expressing the derivatives of EBNA1 were varied so that the range of bound
DNA spanned 50%. The total amount of 293 cell extract derived from trans-
fected plus untransfected cells in each reaction was constant (8 ml). Phospho-
rImager analysis was used to quantify the amounts of DNA in the linked, bound,
and free regions of each lane. The values for linked and bound DNAs in the lanes
containing only 293 cell extract were set to zero. The percentage of linked DNA
was determined by dividing the amount of linked DNA by the amount of total
DNA in the lane. The percentage of bound DNA was determined by dividing the
amounts of linked and bound DNAs by the amount of total DNA in the lane. (B)
Graphic representation of all data from the experiment shown partially in panel
A. The percentage of linked DNA versus that bound was plotted for the deriv-
atives. This plot was used to determine the percentage of DNA linked when 50%
of the DNA was bound. This value was defined as the linking activity for the
derivative. (C) Graphic representation of the relative linking activities of deriv-
atives of EBNA1. In each experiment, the linking activity of 1553 was set to
100%. Shown are the averages and standard errors from three separate experi-
ments like the one shown in panel B.
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1891 and 1747). However, a derivative of EBNA1 with two
copies of linking region 2 does not support transcription better
than derivatives with one copy of linking region 2 (Fig. 3,
compare 1767 with 1708, 1710, and 1763). The simplest inter-
pretation of these results is that the contributions of the linking
regions to the support of transcription by EBNA1 differ. The
interaction of linking region 1 and linking region 2 with distinct
cellular factors (discussed below) could account for this differ-
ence.

The linking activities of derivatives of EBNA1 with two
linking regions, as assayed in vitro, do not differ dramatically
from those of derivatives with only one linking region; how-
ever, differences in the support of replication and transcription
by the two sets of derivatives in vivo are pronounced. In this
study, we measured in vitro linking of DNAs containing only

two binding sites for EBNA1. In cells, EBNA1 supports both
replication and transcription through the FR, a cluster of 20
binding sites. We suggest that the differences observed in the
assays in vitro are magnified in vivo as a result of the high
concentration of EBNA1 bound to the FR.

The abilities of EBNA1 to support replication and transcrip-
tion previously have not been genetically separated (46, 67).
The derivative of EBNA1 with two copies of linking region 2
(1767) supports replication and transcription unequally. In
143B cells, 1767 supports replication slightly better than 1553
(Fig. 2B) but supports transcription less than 10% as well as
1553 (Fig. 3B). The levels of expression of 1553 and 1767 are
unlikely to account for this difference because they are nearly
identical (Fig. 1B). Therefore, a derivative of EBNA1 in which
linking region 1 is replaced with linking region 2 differentially
supports replication and transcription in a particular cell type.

The linking regions of EBNA1 may mediate several types of
molecular interactions. The linking regions of EBNA1 interact
homotypically to mediate the linking of bound DNAs (40). The
assays used previously and in this work measure this type of
homotypic association of the linking regions. The linking re-
gions of EBNA1 may also interact heterotypically with similar
linking domains of other proteins. For example, the E2 protein
of bovine papillomavirus and the cellular transcription factor
Sp1 each homotypically link DNAs to which they bind (34, 58).
E2 and Sp1 also heterotypically link to one another (37).
EBNA1 could link heterotypically to proteins that bind to
DNA directly, such as Sp1; to proteins that bind to DNA
indirectly, such as components of the basal transcriptional ma-
chinery; or to proteins that are not associated with DNA, such
as nuclear matrix components. Homotypic and heterotypic in-

FIG. 5. Linking activity and support of replication and transcription correlate
for derivatives of EBNA1. The linking activity of derivatives of EBNA1 is plotted
against the ability of those derivatives to support replication (A) or transcription
in 143B (B) and 293 (C) cells. Squares represent derivatives of EBNA1 with two
linking regions, diamonds represent those with one linking region, and circles
represent those with neither linking region. Application of the Kendall rank
correlation test indicates that for this set of derivatives, linking activity correlates
with the activation of replication (P, 0.003) and with the activation of transcrip-
tion in 143B (P, 0.003) and 293 (P, 0.02) cells.
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teractions of the linking regions of EBNA1 each may contrib-
ute to its support of replication and transcription (Fig. 6).

How might homotypic linking between the FR and the DS
contribute to the support of replication by EBNA1? Cellular
factors alone can mediate the synthesis of plasmids containing
the DS (3); however, EBNA1 must bind to sites in the DS to
support the stable replication of oriP (24). EBNA1 binds to
sites in the DS with a low affinity (relative to sites in the FR)
(6, 30), perhaps because it needs to be displaced for the initi-
ation of DNA synthesis to occur at the DS. We propose that
the binding of EBNA1 to the DS prevents the formation of a
chromatin structure which would preclude recognition of the
DS by cellular replication factors. The placement of histones
affects the efficiency with which DNA synthesis initiates at an
ARS (53), and modulation of chromatin structure has been
proposed as a general contribution of transcription factors at
origins of DNA synthesis (62). Linking between the FR and
the DS increases the apparent affinity of EBNA1 for sites in
the DS (18, 59) and thus may facilitate its rebinding to the DS
after the replication complex vacates it (Fig. 6A). This model
parallels that for the cellular origin of DNA synthesis at the
b-globin locus. It is thought that the locus control region
(LCR) of the b-globin locus supports replication at the origin
located 50 kbp away via its effect on chromatin structure
throughout the locus (4, 17).

The linking regions of EBNA1 may directly activate tran-
scription via heterotypic interactions with cellular factors (Fig.
6B). EBNA1 bound to oriP could interact with a component of
a PIC via an interaction of the linking regions of EBNA1 with
similar motifs present in other components of the PIC. Inter-
actions of linking region 1 and linking region 2 with distinct
components of the PIC may explain the nonequivalence of
these regions in their support of transcription. EBNA1 can
activate an EBV promoter located 10 kbp away from oriP (22).
The linking of EBNA1 to a PIC at this promoter would juxta-

pose an activation domain with the promoter and could explain
how the activation of such a distal element is mediated. Mul-
tiple examples are consistent with this suggestion. The activa-
tion domain of E2, which mediates DNA linking (34), also
interacts with a component of the PIC (9, 65). Specific inter-
actions (or links) between the activation domains of Sp1 and
NTF-1 bound at an enhancer and specific components of the
PIC underlie the activation of transcription in vitro (11). Link-
ing between the b-globin LCR and distinct b-globin promoters
likely accounts for the competition observed in vivo between
promoters for the LCR (15).

The subnuclear localization of DNA is an alternative, non-
exclusive mechanism by which EBNA1 may support both rep-
lication and transcription. EBNA1 may target DNAs bound to
it to discrete sites within the nucleus (Fig. 6C). Homotypic
linking between EBNA1 bound to cellular DNA and EBNA1
bound to an oriP plasmid would target the plasmid to a specific
chromatin domain. Alternatively, EBNA1 could target an oriP
plasmid to a specific site in the nucleus via heterotypic linking
between EBNA1 and a nuclear protein. The linking domains
of EBNA1 are sufficient to target green fluorescent protein to
metaphase chromosomes (43). Subnuclear localization may fa-
cilitate stable replication of and transcription from oriP plas-
mids (Fig. 6D). Similarly, the linking of other viral genomes to
specific subnuclear sites may facilitate their replication or tran-
scription. For example, the binding of Sp1 to the SV40 core
origin is not required for the replication of SV40 DNA in vitro
(13) but does contribute to SV40 replication in vivo (26). In
this model, Sp1 bound to the 21-bp repeats may link SV40
DNA to a nuclear site where its core origin is efficiently rep-
licated. Also, the UL9 protein of herpes simplex virus type 1
(HSV-1) links DNA (35, 41) and is required for in vivo but not
in vitro replication of HSV-1 (25, 54, 64). By linking to cellular
components, UL9 may localize HSV-1 DNA to replication
factories where it is synthesized (42). Cellular origins of DNA

FIG. 6. Model of modes by which the linking regions may contribute to the support of replication and transcription by EBNA1. The large circle represents a plasmid
containing oriP and a promoter (arrow). The FR and the DS of oriP are bound by EBNA1 (small ovals), with the DNA-binding domain in white and the linking domains
mottled. (A) EBNA1-mediated linking of the FR and the DS is likely to contribute to sustained replication of oriP. (B) The linking domains of EBNA1 may interact
with basal transcription factors within the PIC, possibly stabilizing PIC binding at the promoter. (C) The linking domains of EBNA1 may interact with specific nuclear
factors, targeting EBNA1 and DNAs bound by it to a specific subnuclear location. Linking may also occur between EBNA1 molecules bound to a plasmid and to cellular
DNA, thereby localizing the plasmid to a particular chromatin domain. (D) Once localized to a specific site within the nucleus, origins of replication or promoters may
more efficiently interact with cellular trans-acting factors.
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synthesis may similarly be localized to nuclear replication fac-
tories by linking of cellular replication factors to specific nu-
clear components.

The linking activity of EBNA1 is essential for its ability to
support replication and transcription from distant binding
sites. This activity provides a mechanism by which EBNA1 and
other proteins act from distant cis-acting elements to regulate
their targets.
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