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The Epstein-Barr virus (EBV) replicates once per cell cycle and segregates with high efficiency yet does not
encode the enzymes needed for DNA replication or the proteins required to contact mitotic spindles. The
virus-encoded EBNA-1 (EBV nuclear antigen 1) and latent replication origin (oriP) are required for both
replication and segregation. We developed a sensitive and specific fluorescent labeling strategy to analyze the
interactions of both EBNA-1 with viral episomes and viral episomes with host chromosomes. This enabled
investigation of the hypothesis that replication and chromosome tethering are linked through the EBNA-1
protein. We show that deleting EBNA-1 or oriP disrupts mitotic chromosome tethering but removing the dyad
symmetry element of oriP does not. Microscopic and biochemical approaches demonstrated that an EBNA-1
mutant lacking residues 16 to 372 bound to oriP plasmids but did not support their mitotic chromosome
association and that the mutant lost the ability of wild-type EBNA-1 to associate with interphase chromatin.
Importantly, the transient-replication abilities of various mutant forms of EBV plasmids, including the mutant
form with the EBNA-1 internal deletion, correlated directly with their chromosome-tethering abilities. These
data lead us to propose that EBNA-1 recruits oriP-containing plasmids into chromatin subdomains in inter-
phase nuclei to both engage the host replication machinery and enable the plasmids to adhere to host
chromosomes to increase their segregation efficiency.

Proper transmission of the cellular genome requires both
accurate and complete replication and subsequent faithful seg-
regation of replicated molecules to daughter cells during mi-
tosis. It is becoming increasingly clear that replication and
segregation are closely linked. For example, studies with yeast
show that sister chromatid cohesion, which contributes to
faithful chromosome segregation during mitosis, is established
during DNA replication (44, 46). This indicates that molecular
mechanisms governing replication and segregation overlap, at
least in part.

Coordinated replication and segregation are also required
for DNA tumor viruses to be maintained as stable episomes
during latent infections in dividing host cells. Epstein-Barr vi-
rus (EBV) provides an excellent model for studying such co-
ordination between replication and segregation. EBV exists as
a 165-kb double-stranded circular episome in latently infected
human B cells (for reviews, see references 26 and 27). Only two
viral elements, the cis-acting latent origin of replication (oriP)
and the frans-acting viral protein EBNA-1 (52), are required to
propagate extrachromosomal EBV replicons. As EBNA-1 has
no reported catalytic functions required for DNA replication
(11) yet latent EBV episomes replicate only once per host cell
cycle (51), it is likely that the host replication machinery con-
trols viral replication. These features contrast with the repli-
cation of other DNA tumor viruses, such as simian virus 40,
which occurs multiple times per host cell cycle and requires the
helicase activity of the virus-encoded large T antigen (45).
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oriP is composed of two clusters of EBNA-1 binding sites,
referred to as the dyad symmetry (DS) element and the family-
of-repeats (FR) element (38). The DS element consists of four
low-affinity EBNA-1 binding sites, while the FR element con-
tains 20 high-affinity EBNA-1 binding sites (11, 36, 38). Ge-
netic analyses revealed that the DS and FR elements perform
distinct, essential functions for plasmid replication and main-
tenance. The DS region comprises a minimal cis-acting se-
quence required for replication of EBV plasmids in EBNA-1-
positive cells (40, 50), although the precise role of EBNA-1 in
the initiation of replication in the DS region remains elusive
(reviewed in reference 26). On the other hand, the FR element
itself lacks the ability to initiate replication, but FR-containing
plasmids have a nuclear retention ability in cells expressing
EBNA-1 (23, 31). This nuclear retention function proved to be
useful for cloning of human sequences that substitute for the
DS element (23). These data have been interpreted as evi-
dence that the DS element contributes to plasmid replication
while the FR element contributes to nuclear retention.

Whether the FR element contributes to DS-dependent rep-
lication is a matter of debate. When plasmid replication was
assayed soon (48 h) after transfection of 293 cells, the addition
of the FR element showed a minimal effect on DS-dependent
replication (50). In contrast, the FR element contributed sig-
nificantly to DS-dependent replication when plasmid replica-
tion was assayed long (96 h) after transfection of HeLa cells
(40). One interpretation of the data is that the combination of
FR and EBNA-1 stabilizes the replicated plasmid molecules
through the nuclear retention function of EBNA-1, and this
effect does not become apparent until 96 h after transfection.
An equally likely alternative is that FR-EBNA-1 can directly
enhance plasmid replication, although the effect is not appar-
ent at 48 h posttransfection. It is of note that deletion of DS
from the EBV genome did not impair stable replication after
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infection (34), indicating that the DS region is not absolutely
required for viral latent replication.

Accumulating evidence suggests that the nuclear retention
of EBV plasmids requires their association with mitotic chro-
mosomes. Chromosome-sorting and fluorescence in situ hy-
bridization (FISH) experiments previously indicated that EBV
plasmids were attached to mitotic chromosomes (9, 13, 42, 48).
EBNA-1 protein is also known to associate with mitotic chro-
mosomes (12, 35). Recent analysis of EBNA-1 deletion mutant
proteins fused to green fluorescent protein (GFP) identified
three chromosome binding domains in the N-terminal region
of the EBNA-1 protein (29) which are distinct from the oriP
binding domain in the C-terminal region (2). Taken together,
these data raise the possibility that EBNA-1 provides a bridge
between mitotic chromosomes and oriP-containing plasmids.
Such chromosome tethering could increase the segregation
efficiency of EBV plasmids into daughter nuclei when the nu-
clear membrane reforms at the end of mitosis.

As the EBNA-1-0riP combination appears to be involved in
both viral replication and segregation, it is tempting to hypoth-
esize that viral replication and chromosome tethering are func-
tionally coupled. In order to investigate links between replica-
tion and chromosome tethering, it is critical to directly
examine the effects of mutations in oriP and EBNA-1 on chro-
mosome tethering. For example, if there is a direct link be-
tween tethering and replication, then oriP plasmids lacking the
EBNA-1 gene should neither replicate autonomously nor as-
sociate with mitotic chromosomes. Another prediction is that a
mutant form of the EBNA-1 protein lacking the chromosome
binding domains should neither support replication nor recruit
oriP plasmids onto mitotic chromosomes. It has been difficult
to test these predictions rigorously because a direct and sen-
sitive system for simultaneously analyzing chromosome tether-
ing and replication of EBV plasmids has not been available.

We utilized a lac operator (lacO)/lac repressor (lacR)-GFP
system (39) to directly examine the subcellular localization of
various mutant forms of EBV plasmids. We provide micro-
scopic evidence that chromosome tethering of EBV plasmids is
dependent on both EBNA-1 protein and the FR region of oriP,
while the DS region is dispensable. Deletion analyses of
EBNA-1 revealed that the previously defined chromosome
binding domains (29) are important for both mitotic chromo-
some binding and chromatin association in interphase nuclei.
Importantly, the efficient transient replication of various mu-
tant forms of the EBV-lacO plasmid correlates with their chro-
mosome tethering competence. Taken together, these data
lead us to propose that chromatin-associated EBNA-1 protein
recruits oriP plasmids onto cellular chromatin, which then en-
gages the host replication apparatus. This model suggests di-
rect links among chromosome tethering, replication compe-
tence, and efficient mitotic segregation.

MATERIALS AND METHODS

Plasmid construction. The EBV-lacO plasmid, which has been described pre-
viously (20), contains EBV oriP and EBNA-1 coding sequences derived from
pCEP4 (Invitrogen, Carlsbad, Calif.). A fragment encoding a hygromycin resis-
tance gene, a cytomegalovirus promoter, and a simian virus 40 polyadenylation
signal was first deleted from pCEP4 by Sall (blunted by Klenow enzyme)-Nrul
digestion and then self-ligated to make pEP4, which recovered the Sall site after
self-ligation. A blasticidin resistance gene (18), driven by the SRa promoter, was
clipped out from pYN3215-bsr (kindly provided by Fumio Hanaoka, Osaka
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University) by Nhel digestion and subcloned into the Xbal site of pEP4 to make
pEPB. Subsequently, an EcoRI-Sall fragment of pEPB, containing a blasticidin
resistance gene, oriP, and the EBNA-1-encoding gene, was subcloned into
EcoRI-Sall-digested pMBL19 to make pMBL19EBVbsr. pMBL19, which has a
bacterial p15A ori, was chosen for its ability to subclone unstable inserts (33).
lac operator repeats (256 direct repeats) were obtained by Sall-Xhol diges-
tion of pSV2-dhfr 8.32 (39). The repeats were subcloned into the Sall site of
pMBL19EBVbsr to make the EBV-lacO vector. This step was carried out using
STBL2 competent cells (Life Technologies, Grand Island, N.Y.), which were
grown at 30°C (5).

The oriP sequence and the EBNA-1 gene in the EBV-lacO vector were deleted
using the restriction enzyme recognition sites flanking these sequences (see Fig.
1). The EBV-lacO vector was digested with either Mfel-Clal (blunted with
Klenow enzyme), EcoRV-Mfel (blunted), EcoRV only, or EcoRV-Clal (blunted)
and then self-ligated to make AEBNA1, AoriP, ADS, and AoriP/EBNAL, respec-
tively.

A BglII restriction sequence was introduced between codons 372 and 373 of
the EBNA-1 coding sequence (AGAGGT and AGATCT) of the pEP4 vector
using PCR-mediated mutagenesis to make pEP4-Bg/II. The AvrIl site (codon 14)
and the introduced Bg/II site (codon 372) of pEP4-BglIl were used for further
constructions. pEP4-Bg/II was digested with AvrII-Bg/II (blunted) and then self-
ligated to make EBNA-1(A16-372). A DNA fragment encoding EBNA-1
(codons 14 to 89 and 328 to 372), with AvrIl and BgIII sites on its ends, was
synthesized by two-step PCR using pEP4-Bg/II as a template, and the PCR
product was subcloned into a pEP4-BglII vector digested with AvrII-BglII to
make EBNA-1(A90-327). The Mfel-Clal fragment of the EBV-lacO vector was
swapped with the Mfel-Clal fragments of EBNA-1(A16-372) and EBNA-1(A90-
327) to make EBNA-1(A16-372)-lacO and EBNA-1(A90-327)-lacO vectors. The
sequences of the primers used for the PCRs are available upon request.

Retroviral vectors expressing mutant EBNA-1 proteins were constructed using
PCR products which had an engineered AfIIII site overlapping the ATG start
codon and a BamHI site just after the stop codon of EBNA-1(A90-327) and
EBNA-1(A16-372). The AflIIl-BamHI fragments containing the coding se-
quences were subcloned into an Ncol-BamHI-digested pCLMFGMCS vector
(kindly provided by Nikunj Somia, Salk Institute). pPCLMFGMCS is identical to
the pMFG vector (10), except that it has a CMV promoter instead of the U3
region of the 5’ long terminal repeat and a multiple cloning site (Ncol-EcoRI-
Sall-Xhol-Not1-BamHI).

A retroviral vector expressing the lac repressor-GFP (lacR-GFP) fusion has
been described (20). Briefly, pPCLMFGlacR-GFP was constructed by ligating the
following three fragments; the NcoI-BsrGI fragment of pPEGFPNI1 (Clontech),
the BsrGI-Dral fragment of p3’SSdimerClonEFP containing a gene encoding the
lac repressor-nuclear localization signal (39), and Xhol (blunted by Klenow)-
Ncol digested pPCLMFGMCS.

Visualization of the EBV-lacO plasmid in HeLa cells. Production of vesicular
stomatitis virus G glycoprotein-pseudotyped retroviruses expressing LacR-GFP
was performed by cotransfection of pCLMFGlacR-GFP and pMD.G (the plas-
mid encoding vesicular stomatitis virus envelope protein G glycoprotein) into
293gp/bsr cells as previously described (21, 32). A stable HeLa cell line express-
ing lacR-GFP (HeLa/lacR-GFP cell line) was established by infection of the
lacR-GFP retrovirus, followed by single-colony isolation. The HeLa/lacR-GFP
cells (4 X 10° cells) were plated in 6-cm dishes and transfected with various
EBV-lacO plasmids (5 ng of each) using a modified calcium phosphate precip-
itation protocol (7). The transfected cells were split 1:6 at 3 days posttransfec-
tion. Mitotic cells were collected 5 days after transfection by gently washing the
dishes with a pipette, stained with Hoechst 33342 (5 wg/ml), overlaid onto
poly-L-lysine-coated slide glasses for 10 min, fixed with 3.7% formaldehyde for 10
min, washed once with phosphate-buffered saline (PBS), covered with Vectash-
ield (Vector, Burlingame, Calif.), and then observed using fluorescence micros-
copy.

Immunostaining. Mitotic cells overlaid onto slide glasses were fixed with 3.7%
formaldehyde for 10 min, washed with PBS three times, and treated with block-
ing buffer (2.5% bovine serum albumin, 0.2 M glycine, 0.1% Triton X-100) for 30
min. Primary and secondary antibodies were diluted in the blocking buffer. The
primary antibody used to detect the EBNA-1 protein was rabbit K67-3 serum
(1:1,000 dilution; kindly provided by Jaap Middeldorp, Free University Hospital,
Amsterdam, The Netherlands), which recognizes the DNA binding domain of
the EBNA-1 protein. Following incubation for 60 min at room temperature,
slides were washed three times with PBS. The secondary antibody was Texas
red-conjugated donkey anti-rabbit immunoglobulin G (1:500). Following incu-
bation for 60 min at room temperature, slides were washed three times with PBS
and chromosomes were counterstained with 4',6’-diamidino-2-phenylindole
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(DAPI) (1 pwg/ml). Fluorescence of lacR-GFP was preserved well by this proto-
col.

Microscopy. All of the images that appear in this article were collected using
a DeltaVision microscope system (Applied Precision Inc., Issaquah, Wash.) with
a 100X/NA 1.35 oil immersion objective (Olympus). Three-dimensional data sets
were collected to visualize the fluorescent dots of EBV distributed in multiple
focal planes. Optical sections were collected at 0.2-pum focal intervals; the pixel
size was 0.0669 pm. Out-of-focus contamination was removed from each optical
section via deconvolution processing, and two-dimensional images were created
by projecting the three-dimensional data stacks using the software supplied with
the DeltaVision system.

Cell fractionation and Western blotting. Whole-cell extracts were prepared by
direct lysis of cells (~2 X 107 cells in 10-cm dishes) with 500 ul of lysis buffer (125
mM Tris [pH 6.7], 10% glycerol, 3% sodium dodecyl sulfate, 6% urea, 100 pg of
phenylmethylsulfonyl fluoride per ml, 2 pg of aprotinin per ml, 1 mM sodium
vanadate), followed by sonication. Chromatin was isolated from interphase nu-
clei essentially as previously described (30). Briefly, HeLa cells expressing
EBNA-1(A90-327) or EBNA-1(A16-372) (2 X 107 of each) were trypsinized,
harvested, and resuspended in 400 pl of buffer A (10 mM HEPES [pH 7.9], 10
mM KCl, 1.5 mM MgCl,, 0.34 M sucrose, 10% glycerol, 1 mM dithiothreitol,
proteinase inhibitors). Triton X-100 (0.1%) was added, and the cells were incu-
bated for 5 min on ice. Nuclei were separated from the supernatant (S2, soluble
fraction), washed once with buffer A, resuspended in 500 pl of buffer A plus 1
mM CaCl,, and divided into two aliquots (250 pl each). One of them was
incubated with 1 ul of micrococcal nuclease (200 U/ml; Sigma, St. Louis, Mo.)
for 5 min at 37°C, and the other was incubated under the same conditions
without nuclease. The nuclease reaction was stopped by the addition of 2 ul of
0.5 M EDTA. Nuclei were then collected by centrifugation and lysed in 400 pl of
buffer B (3 mM EDTA, 0.2 mM EGTA, 1 mM dithiothreitol, proteinase inhib-
itors) for 30 min on ice. Insoluble chromatin fractions were separated from the
supernatant (S3; solubilized nuclear proteins) by centrifugation and washed once
in buffer B. The final chromatin (and nuclear matrix) pellet (P3) was resus-
pended in 400 pl of lysis buffer and sonicated. The aliquots of each fraction were
analyzed by sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis and
Western blotting using anti-EBNA-1 serum K67-3 (1:1,000) as the primary an-
tibody.

Transient-replication assay. The ability of each plasmid to replicate tran-
siently was determined as previously described (50). Briefly, HeLa cells (in 6-cm
dishes) were transfected with 5 pg of test plasmids and replated into 10-cm
dishes at 3 days posttransfection. Plasmids were extracted 96 h after transfection
using alkaline lysis as previously described (50). The nucleic acid pellets were
dissolved in 50 wl of Tris-EDTA containing RNase and then tested for resistance
to Dpnl in the presence of EcoRI digestion. The EBV-lacO vector has multiple
EcoRI sites within the lacO repeats and an additional EcoRI site just upstream
of the Clal site. Therefore, a 6.4-kb fragment containing EBNA-1-oriP-bsr (the
boundary of the fragment is shown by arrowheads in Fig. 1), a 2.7-kb fragment
containing the ampicillin resistance gene and p15Aori, and multiple very small
fragments derived from the sheared lacO repeats were to be generated by EcoRI
digestion. The fragment containing the bsr gene, which has multiple Dpnl sites,
should become resistant to Dpnl when test plasmids replicate in transfected cells.
A 10-pl sample was mixed with an equal volume of an enzyme mixture contain-
ing either EcoRI (20 U/sample) alone or a mixture of EcoRI and Dpnl (6
U/sample) and then incubated at 37°C for 6 h. The digested samples were
electrophoresed on a 0.8% agarose gel and analyzed by Southern blotting using
the 480-bp HindIIl fragment of the pYN3215-bsr plasmid as a probe.

Colony formation assay. Colony formation was assayed after blasticidin selec-
tion (5 pg/ml for the first 5 days and then 2 pg/ml for the following 9 days) of
serially diluted (1:5, 1:50, and 1:500), transfected cells. Drug-resistant cells were
fixed with 3.7% formaldehyde and stained with crystal violet, and the colonies
were counted to calculate the transformation efficiency.

RESULTS

Visualization of transfected EBV plasmids with the lacO/
lacR-GFP system. The objective of this study was to investigate
the relationships among EBNA-1, oriP, and tethering of EBV-
based plasmids to host chromosomes. FISH was not optimal,
as the background signals limited the ability to detect small
circular DNA molecules. In order to provide a direct, rapid,
and sensitive means of identifying small transfected DNAs, we
added 256 direct repeats of the lac operator to the EBV plas-
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FIG. 1. Experimental system for tracking of transfected EBV plas-
mids. The EBV-lacO vector encodes EBNA-1 and contains the latent
replication origin oriP. oriP contains 24 EBNA-1 binding sites clus-
tered in two functional elements, FR and DS. The plasmid has 256
tandem repeats of lacO, to which the lacR-GFP fusion protein binds
with high affinity. The plasmid also encodes a blasticidin resistance
gene (bsr) driven by the SRa promoter as a drug selection marker. The
restriction enzyme recognition sites used to construct various deletion
mutant plasmids are indicated. The arrowheads indicate the boundary
of the EcoRI fragment, which was detected by Southern analyses of the
transient-replication assay (see Fig. 7).

mid (EBV-lacO) (Fig. 1). We reasoned that introducing the
EBV-lacO plasmid into cells expressing a lacR-GFP fusion
protein should enable detection of the plasmids as punctate
green fluorescent signals (20, 39). A HeLa cell line that stably
expresses a lacR-GFP fusion protein with a C-terminal nuclear
localization signal was generated (HeLa/lacR-GFP cells). As
expected, the expressed lacR-GFP fusion protein localized to
nuclei (data not shown). In mitotic cells, the breakdown of the
nuclear membranes resulted in cytoplasmic staining by the
lacR-GFP fusion (Fig. 2a). In neither case was a punctate
signal observed. By contrast, when HeLa/lacR-GFP cells were
transiently transfected with the EBV-lacO plasmid, small but
distinct fluorescent dots were detected in interphase nuclei at
5 days posttransfection (Fig. 2b). Since the fluorescent dots
were only detected in HeLa/lacR-GFP cells after EBV-lacO
transfection, we concluded that such dots derive from the in-
teraction of lacR-GFP with EBV-lacO and that they provide a
sensitive indication of the location of the EBV-lacO plasmids.
In the remainder of this paper, lacR-GFP-labeled plasmids and
lacR-GFP fluorescent dots are considered to be synonymous.

We next examined the distribution of lacR-GFP-labeled
plasmids, particularly focusing on whether they associated with
mitotic chromosomes. We observed many mitotic cells in
which lacR-GFP-labeled plasmids associated with chromo-
somes in various phases of mitosis (Fig. 2c through f). The
lacR-GFP-labeled plasmids were associated with chromosomes
in more than 50% of mitotic cells with at least one clear
fluorescent dot. The fluorescent dots appeared to be distrib-
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FIG. 2. The EBV-lacO plasmids associate with mitotic chromosomes in HeLa cells. HeLa cells stably expressing lacR-GFP protein (HeLa/
lacR-GFP cells) were transfected with EBV-lacO plasmids. Representative images of an untransfected cell (a) and transfected cells in various
mitotic phases at 5 days posttransfection (b through f) are shown. Chromosomes were counterstained with Hoechst 33342 (blue). Note that no
fluorescent dot is observed in an untransfected cell (a) and that fluorescent dots (green) associate with mitotic chromosomes in transfected cells

(b through f). Scale bar, 10 pm.

uted randomly on mitotic chromosomes, suggesting that the
EBV-lacO plasmids did not bind to specific chromosomal re-
gions, such as centromeres or telomeres. The remaining 50%
of the dot-positive mitotic cells contained only a few fluores-
cent dots that were free in the cytoplasm, possibly representing
nonfunctional plasmid DNAs undergoing degradation after
transient transfection (data not shown). These data validate
the previous FISH analyses indicating that the EBV genome
and EBV-based plasmids associate with mitotic chromosomes
(9, 42, 48).

EBNA-1 protein colocalizes with oriP-containing plasmids
in interphase and mitotic cells. The lacO/lacR-GFP strategy
provides a sensitive and specific microscopic method to inves-
tigate directly whether EBNA-1 protein colocalizes with EBV-
lacO plasmids. EBNA-1 protein was detected by indirect im-
munofluorescence under conditions that preserved lacR-GFP
fluorescence. Cells with labeled EBV plasmids were always
positive for EBNA-1 staining, which validated this labeling
strategy. The amount of EBNA-1 protein, estimated by immu-
nofluorescence, varied from cell to cell, probably due to the
heterogeneous copy number of the EBV-lacO plasmids encod-
ing EBNA-1. Cells expressing high levels of EBNA-1 protein
typically exhibited diffuse EBNA-1 localization inside inter-
phase nuclei (data not shown). However, in cells expressing
less EBNA-1, the EBV-lacO plasmids and EBNA-1 protein
were clearly observed to colocalize (Fig. 3a, b, and c). In
mitotic cells in which lacR-GFP-labeled plasmids associated
with mitotic chromosomes, EBNA-1 protein was most fre-
quently observed to label mitotic chromosomes diffusely, con-
firming previous observations (12, 29, 35) (Fig. 3d, e, and f).
Importantly, when less EBNA-1 was expressed, EBNA-1 pro-

tein colocalized with EBV-lacO plasmids on mitotic chromo-
somes (Fig. 3g, h, and i). These results are consistent with
EBNA-1 protein constitutively binding to the oriP region of
EBYV plasmids throughout the cell cycle. Mitotic cells contain-
ing a few labeled EBV plasmids scattered in the cytoplasm
were always negative for EBNA-1 staining (data not shown),
suggesting that such plasmids were nonfunctional and might be
undergoing cytoplasmic degradation. Interestingly, even in
cells expressing such high levels of EBNA-1 that it was distrib-
uted ubiquitously inside the cells, lacR-GFP-labeled plasmids
clearly localized to mitotic chromosomes (data not shown).
This result indicates that EBV plasmids do not merely colo-
calize with EBNA-1 protein according to its distribution.
Rather, it appears that mitotic chromosomes provide a pre-
ferred location for EBV plasmids in the presence of EBNA-1
protein.

Chromosome tethering of EBV plasmids requires both
EBNA-1 and oriP. A previous FISH analysis demonstrated that
an oriP-containing yeast artificial chromosome (YAC) associ-
ated with mitotic chromosomes in stably transfected EBNA-1-
positive human cells, but a YAC lacking oriP did not exhibit
chromosomal association in stably transfected EBNA-1-nega-
tive mouse cells (42). These data leave open the question of
whether the failure to associate with chromosomes reflected a
difference in the species of the host cell or the absence of
EBNA-1. We used a direct microscopic assay to investigate the
effects of deleting the EBNA-1-encoding gene and/or oriP
from the EBV-lacO plasmid on chromosome tethering (Fig.
4A). Western blots showed that the EBV-lacO plasmid pro-
duced a high level of EBNA-1, while AEBNA1 and AoriP/
EBNAI, which both lack the EBNA-1 gene, expressed no
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FIG. 3. EBNA-1 protein colocalizes with oriP-containing plasmids in interphase nuclei and on mitotic chromosomes. HeLa/lacR-GFP cells
transfected with the EBV-lacO plasmid (at 5 days posttransfection) were processed for immunofluorescence analyses to detect EBNA-1 protein
while keeping the fluorescence of lacR-GFP. The EBV-lacO plasmids are shown as green dots, and EBNA-1 protein is shown as red (middle
panels). Merged images are shown in the rightmost panels. Chromosomes were counterstained with DAPI (blue). Note the different expression

levels of EBNA-1 protein in panels e and h. Scale bar, 10 wm.

detectable EBNA-1 protein (Fig. 4B). The AoriP plasmid ex-
pressed a low level of EBNA-1, even though it contains an
intact EBNA-1 gene. This is likely due to the lack of transcrip-
tional enhancement achieved by EBNA-1 binding to oriP,
which increases EBNA-1 protein expression by a positive feed-
back mechanism (37).

The subcellular localization of each deletion mutant plasmid
in mitotic cells was examined after transient transfection into
HeLa/lacR-GFP cells. When AEBNA1 was transfected, few, if
any, cells were detected in which the labeled lacO plasmid
associated with mitotic chromosomes, although in some cells
the plasmids were found near mitotic chromosomes. However,
in the majority of cases, the AEBNAI plasmids were detected
free in the cytoplasm (Fig. 4C, part a). Similarly, the AoriP
plasmids were distributed randomly inside cells and did not
manifest a specific chromosomal association (Fig. 4C, part b).
Since the lack of a chromosomal association of AoriP plasmids
could have been due to the low level of EBNA-1 expression
(Fig. 4B), we transfected the AoriP/EBNA1 plasmid into EBNA-
1-expressing HeLa/lacR-GFP cells. Even in these HeLa cells,

expressing substantial EBNA-1, the AoriP/EBNA1 plasmids
did not associate with mitotic chromosomes (data not shown).

Taken together, the results provide a direct demonstration
that the chromosomal association of EBV plasmids requires
both EBNA-1 and oriP and that deletion of either of these
elements disrupts tethering of EBV plasmids to chromosomes.

The DS element is dispensable for chromosome tethering. It
is well known that the FR element is sufficient for nuclear
retention of oriP plasmids in EBNA-1-positive cells (23, 31).
Since chromosome tethering may contribute to nuclear reten-
tion, we next determined whether plasmids lacking the DS
region but containing the intact EBNA-1-encoding gene and
FR element (ADS, Fig. 4A) exhibit normal chromosome teth-
ering. Expression of the EBNA-1 protein was not affected by
deletion of the DS element (Fig. 4B). Like the wild-type plas-
mid, the ADS plasmid associated with mitotic chromosomes in
a substantial fraction of cells (Fig. 4C, part c). Simultaneous
immunofluorescence analyses revealed that ADS plasmids and
EBNA-1 protein colocalize on mitotic chromosomes (Fig. 4C,
parts d, e, and f). These results show that the FR element,
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FIG. 4. Chromosome tethering of EBV plasmids depends on EBNA-1 gene and oriP sequence. (A) Schematic representations of various
mutant forms of the EBV-lacO plasmid lacking the EBNA-1 gene and/or the oriP sequence. The FR, the DS, the blasticidin resistance gene (bsr),
and the lacO repeats are shown. (B) Western blot showing the expression of EBNA-1 protein (arrow) from each mutated plasmid at 48 h
posttransfection. (C, parts a, b, and ¢) Representative images showing the mitotic distribution of various plasmids at 5 days posttransfection.
Chromosomes were counterstained with Hoechst 33342 (blue). (d, e, and f) HeLa/lacR-GFP cells transfected with the ADS plasmid were processed
for immunofluorescence analyses to detect EBNA-1 localization (red in part e). Merged images are shown in part f. Chromosomes were
counterstained with DAPI (blue). The strong green signals in parts d and f are derived from aggregated plasmid DNAs introduced into the cells.

Scale bar, 10 pm.

together with EBNA-1, is sufficient for the chromosomal asso-
ciation of EBV plasmids.

EBNA1(A16-372) binds oriP plasmids but does not enable
mitotic chromosome tethering. Previous analyses indicated
that EBNA-1 has a modular structure in which three distinct
N-terminal domains mediate chromosomal association (29)
while a C-terminal domain contributes to oriP binding (2). We
used a microscopic approach to dissect the modular domain
structure by deleting portions of the EBNA-1 gene from the
EBV-lacO plasmid while leaving the other regions intact (Fig.

5A). One of the mutated plasmids, EBNA-1(A90-327)-lacO,
encodes an EBNA-1 protein with a deletion of the entire
Gly-Gly-Ala repeat region. According to previous studies, the
EBNA-1(A90-327) protein should behave like the wild-type
EBNA-1 protein (52). Another mutated plasmid, EBNA-1
(A16-372)-lacO, encodes an EBNA-1 protein with an N-ter-
minal deletion that removes the three identified chromosome
binding domains (29). Both the EBNA-1(A16-372) and EBNA-1
(A90-327) plasmids have intact DNA binding-dimerization do-
mains and intact nuclear localization signals, and both can be
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FIG. 5. Deletion analyses of EBNA-1 protein. (A) Schematic representations of mutant EBNA-1 proteins encoded by the mutated EBV-lacO
plasmids. The previously identified chromosome binding domains of the EBNA-1 protein are indicated at the bottom (29). The Gly-Gly-Ala
repeats, Gly-Arg-rich regions, nuclear localization signal (NLS), and dimerization-DNA binding domain are indicated. Regions rich in basic
residues (++) are also indicated. (B) Western blot showing the expression of mutated EBNA-1 protein at 48 h posttransfection. (C) EBNA-
1(A16-372) can bind oriP plasmids but cannot recruit them onto mitotic chromosomes. HeLa/lacR-GFP cells transfected with either the
EBNA-1(A90-327)-lacO plasmid (a, b, and c¢) or the EBNA-1(A16-372)-lacO plasmid (d, h, and i) were processed for immunofluorescence
analyses to detect EBNA-1 localization (b and e) while keeping the fluorescence of lacR-GFP. Merged images are shown in parts ¢ and f. Scale

bar, 10 pm. a.a., amino acids.

recognized using an antiserum specific for the C-terminal re-
gion. Western blotting revealed that proteins with the expected
sizes were expressed in cells transfected with these plasmids
(Fig. 5B).

The subcellular localization of each of the mutated plasmids
was analyzed in transfected HeLa/lacR-GFP cells, and simul-
taneous immunostaining was used to examine the localization
of each of the mutated EBNA-1 proteins. The EBNA-1(A90-
327)-lacO plasmid exhibited a pattern of chromosome associ-

ation similar to that of the wild-type EBV-lacO plasmid (Fig.
5C, part a). The EBNA-1(A90-327) protein clearly associated
with mitotic chromosomes and colocalized with the lacR-GFP-
labeled plasmids (Fig. 5C, parts b and c). In contrast, most
EBNA-1(A16-372)-lacO plasmids were present in the cyto-
plasm (Fig. 5C, part d). Importantly, the EBNA-1(A16-372)
protein colocalized with the scattered labeled plasmids in the
cytoplasm (Fig. 5C, parts e and f), demonstrating that the
EBNA-1(A16-372) protein binds to the oriP sequence. The
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FIG. 6. EBNA-1 is associated with cellular chromatin. (A) Subcellular localization of EBNA-1 deletion mutant proteins. HeLa cells expressing
either EBNA-1(A90-327) (a and b) or EBNA-1(A16-372) (c and d) were processed for immunofluorescence analyses using anti-EBNA-1 serum.
Representative images of interphase cells (a and ¢) and mitotic cells (b and d) are shown. Scale bar, 10 wm. (B) EBNA-1(A90-327), but not
EBNA-1(A16-372), is chromatin associated. HeLa cells expressing either EBNA-1(A90-327) or EBNA-1(A16-372) were subjected to a chromatin
binding assay (30). Whole-cell extracts (WCE), the soluble fraction obtained by detergent extraction (S2), the solubilized nuclear protein fraction
(S3), and the chromatin-nuclear matrix-bound protein fraction (P3) are indicated. Half aliquots of the isolated nuclei were treated with micrococcal
nuclease (MN'ase) to remove chromatin-bound proteins (lanes 5 and 6). The fractionated samples were analyzed by Western blotting using anti-

EBNA-1 antibody.

colocalization of EBNA-1(A16-372) with the lacR-GFP-la-
beled plasmids in interphase nuclei (data not shown) supports
the idea that the EBNA-1(A16-372) protein constitutively
binds to oriP plasmids yet cannot support mitotic chromosome
tethering. These results clearly demonstrate that the chromo-
some-tethering and oriP binding domains of EBNA-1 protein
are separable.

EBNA-1(A90-327), but not EBNA-1(A16-372), is chroma-
tin associated. The results described above revealed a striking
difference between EBNA-1(A90-327) and EBNA-1(A16-372)
in the ability to recruit oriP plasmids onto mitotic chromo-
somes. In order to further investigate the difference between
these EBNA-1 variants, we expressed them in HeLa cells in the
absence of oriP plasmids. Retroviral vectors were successfully
used to obtain bulk-infected cells, ~70% of which were posi-
tive for EBNA-1. Immunostaining revealed that both mutant
proteins, which contain nuclear localization signals, localized
to interphase nuclei (Fig. 6A, parts a and c). However, they
exhibited distinctly different patterns in mitotic cells. While
EBNA-1(A90-327) associated with mitotic chromosomes,
EBNA-1(A16-372) appeared to be excluded from chromo-
somal domains (Fig. 6A, parts b and d).

The above observation prompted us to test the idea that the
subnuclear localizations of EBNA-1(A90-327) and EBNA-
1(A16-372) in interphase nuclei are different although they
appeared to be similar by microscopic analyses. Specifically, we
examined whether these mutant proteins associate with inter-
phase chromatin. Interphase nuclei were isolated from asyn-
chronously growing HeLa cells expressing each of the EBNA-1

mutant proteins and subjected to a chromatin binding assay
(30). We found that EBNA-1(A16-372) was recovered exclu-
sively in the soluble fraction (S2; Fig. 6B, lane 2). By contrast,
EBNA-1(A90-327) was preferentially recovered in the chro-
matin-nuclear matrix fraction (P3; lane 4). Importantly, the
EBNA-1(A90-327) protein present in the chromatin-nuclear
matrix fraction (lane 4) was solubilized almost completely by
treatment of nuclei with micrococcal nuclease (lanes 5 and 6),
indicating that EBNA-1(A90-327) associates with chromatin
and not with a nuclear matrix structure. We concluded that
EBNA-1(A90-327), but not EBNA-1(A16-372), is chromatin
associated and that the chromosome binding domains of
EBNA-1 (29) are required for its association with interphase
chromatin.

Chromosome tethering correlates with replication compe-
tence and efficient transformation. The data show that only
EBNA-1(A90-327), which is chromatin associated, can medi-
ate the mitotic chromosome tethering of oriP-containing plas-
mids, suggesting that the ability of EBNA-1 to associate with
interphase chromatin could provide the basis for the mitotic
chromosome tethering of oriP plasmids. Since the regions of
EBNA-1 protein required for chromatin-chromosome associ-
ation also appear to be needed for the replication of oriP-
containing plasmids (28), it is possible that replication compe-
tence and chromosome tethering are directly linked. We
evaluated this possibility by examining the replication compe-
tence of various EBV-lacO plasmids. Although the transient-
replication abilities of various mutant forms of EBV plasmids
have been extensively analyzed (1, 6, 14, 22, 28, 38, 40, 49, 50),
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FIG. 7. Transient-replication abilities of various mutant forms of the EBV-lacO plasmid. Various mutant plasmids (indicated at the top) were
transiently transfected into HeLa cells. Plasmids were harvested at 4 days posttransfection, and aliquots were digested by either EcoRI or
EcoRI/Dpnl (shown as minus or plus Dpnl) and analyzed by Southern blotting. Replication activities can be estimated by comparing the band

intensities of the EcoRI fragment containing the bsr gene (see the legen

d to Fig. 1) in the presence or absence of Dpnl digestion. Note the

significant amount of Dpnl-resistant plasmids in the lanes containing EBV-lacO (lane 2), ADS (lane 8), and EBNA-1(A90-327) (lane 12). The
largest band generated after Dpnl digestion of the AoriP plasmid is indicated by an asterisk. Incompletely digested AoriP/EBNAL plasmid

remaining after EcoRI digestion is indicated by an arrow.

it was essential to examine the replication competence of
EBV-lacO variants due to the potential effects of the size
increase created by the lacO repeats (10.1 kb). One represen-
tative result is shown in Fig. 7. As expected, the EBV-lacO
plasmid replicated efficiently, as indicated by the majority of
transiently transfected plasmids being Dpnl resistant. In con-
trast, when AEBNA-1, AoriP, or AoriP/EBNA1 was trans-
fected, little Dpnl-resistant material was detected. Thus, these
plasmids either do not replicate or do so inefficiently. Impor-
tantly, the ADS plasmid, which associated with mitotic chro-
mosomes, showed significant replication activity, indicating
that the DS region is dispensable for the replication of EBV-
lacO plasmids. We also examined the effect of deleting the
chromosome binding domains of EBNA-1 on transient DNA
replication. EBNA-1(A90-327), which enables chromosome

tethering of the oriP-containing plasmids, supported efficient
replication. By contrast, EBNA-1(A16-372), which binds to
oriP but not to mitotic chromosomes or interphase chromatin,
did not support the replication of the oriP-containing plasmids.
These data show that the replication competence of the EBV-
lacO plasmids correlates directly with their ability to be teth-
ered to chromosomes (Table 1).

Since all of the replicating plasmids examined associated
with mitotic chromosomes, it is reasonable to predict that they
should be maintained more stably than plasmids that neither
replicate nor associate with mitotic chromosomes. Consistent
with this idea, the frequency of cells with lacR-GFP-labeled
plasmids was higher in the case of replicating (chromosome-
associated) plasmids compared to nonreplicating plasmids that
were not attached to mitotic chromosomes (data not shown).

TABLE 1. Frequencies of establishment of blasticidin-resistant colonies of HeLa cells after transfection of various
mutant forms of the EBV-lacO plasmid

Transformation efficiency”

Plasmid Chromqsome Trqnsit;nt

Expt 1 Expt 2 Expt 3 tethering® replication®
EBV-lacO 4.5x 107 21 %1072 8.0x 1073 + +
AEBNA-1 1.1x10°* 5.0x 1074 1.9 x10°* - -
AoriP 51 %1074 6.2 X107 1.3x107* - -
ADS 1.2 1072 32x10°3 1.6 X 1073 + +
AoriP/EBNA1 2.0x 1073 6.2 X 1073 6.2%X107° - -
EBNA1(A90-327) 1.1 X102 31x1073 3.6x 1073 + +
EBNA1(A16-372) 5.6 x 1074 6.2 X107 25%X107° - -

“ Number of blasticidin-resistant colonies/number of plated cells.
b Determined by microscopic observation (see Fig. 4 and 5).
¢ Determined by transient-replication assay (see Fig. 7).
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In order to estimate the efficiency of plasmid maintenance, we
determined the transformation efficiency of each mutant plas-
mid by counting the number of blasticidin-resistant colonies
generated after transfection and drug selection. The results
reveal a strong correlation among replication competence,
chromosome tethering, and transformation efficiency (Table
1). For example, the AEBNA-1 and AoriP plasmids showed
severely impaired transformation efficiency compared to the
wild-type EBV-lacO plasmid. However, the ADS plasmid,
which replicates autonomously and associates with mitotic
chromosomes, showed relatively high transformation effi-
ciency. Similarly, the EBNA-1(A90-327)-lacO plasmid, which
replicated and associated with mitotic chromosomes, showed a
high level of transformation efficiency, while the EBNA-1
(A16-372)-lacO plasmid had a low level of transformation ef-
ficiency.

Taken together, these results are consistent with the idea
that replication capability is tightly linked with chromosome-
tethering ability and results in efficient mitotic segregation and
high transformation efficiency.

DISCUSSION

Stable episomal maintenance of EBV plasmids requires
both efficient replication during S phase and faithful partition-
ing of the replicated progeny during mitosis. The mechanisms
leading to each process have been studied independently in the
past (for reviews, see references 26 and 27). However, it has
not been possible to derive an integrated picture of the con-
tributions of the cis elements and frans-acting factors involved
in episome replication and segregation due to the lack of a
single experimental paradigm capable of a direct and inte-
grated analysis of each variable. Toward this end, we used the
lacO/lacR-GFP system (20, 39) to develop a novel microscopic
strategy to localize transiently transfected EBV plasmids. We
integrated this strategy with immunofluorescence of the viral
EBNA-1 protein, which was previously proposed to contribute
to viral replication and segregation, to elucidate the protein-
DNA interactions involved in replication and segregation.
Theoretically, a similar strategy could be applied to track any
DNA containing lacO repeat sequences.

The results show that EBNA-1 protein colocalizes with oriP
plasmids in interphase nuclei, as well as on mitotic chro-
mosomes, suggesting that the association is maintained
throughout the cell cycle. This observation corresponds well to
biochemical data showing that EBNA-1 binds to the oriP se-
quence throughout the cell cycle (16). Many studies show that
EBNA-1 and oriP are both indispensable elements for the
replication of EBV plasmids (28, 38, 40, 49). One implication
of our and other studies is that EBNA-1 binding to the oriP
sequence may have different roles in different cell cycle phases.
While EBNA-1-oriP interaction in S phase seems to be re-
quired for replication, it may also tether the episomes to sister
chromatids to increase segregation efficiency in mitosis.

We have begun to explore whether chromosome tethering
mediated by EBNA-1 is required for episome replication. Host
proteins alone cannot support chromosomal association of
EBYV plasmids, since a plasmid lacking the EBNA-1-encoding
gene (AEBNA-1) neither replicated nor associated with chro-
mosomes. Mutant plasmids were generated with alterations in
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different regions of the EBNA-1-encoding gene and in oriP to
evaluate their effects on chromosome tethering, transient rep-
lication, and long-term maintenance, which was assayed by
the ability of the test plasmids to engender stable drug re-
sistance following transfection. The results revealed that chro-
mosome tethering was clearly dependent on subdomains of the
EBNA-1 protein and on specific regions of the oriP sequence.
In good agreement with a recent study that identified the
chromosome binding domains of EBNA-1 (29), we found that
the EBNA-1(A16-372)-lacO plasmid, which encodes an EBNA-
1 protein lacking all three chromosome binding domains, did
not associate with mitotic chromosomes. In contrast, EBNA-1
(A90-327), which only lacks the Gly-Ala repeat and is func-
tionally wild type, did associate with chromosomes. Important-
ly, the chromosome-tethering abilities of these mutant plas-
mids correlated well to their transient-replication abilities. A
plasmid lacking the oriP sequence (AoriP) neither replicated
nor associated with mitotic chromosomes, even in the presence
of EBNA-1. These data are consistent with the idea that there
is a close link between replication and chromosome tethering,
both of which are dependent on interactions between EBNA-1
and oriP.

Biochemical fractionation revealed that there is a relation-
ship between EBNA-1-mediated chromosome tethering and
binding to interphase chromatin. For example, an EBNA-1
variant lacking the Gly-Ala repeat [EBNA1(A90-327)] binds
to interphase chromatin and tethers, while an EBNA-1 variant
lacking three previously defined chromosome binding domains
[EBNA1(A16-372)] does not. These data are consistent with
the conclusion that EBNA-1 protein is in the chromatin frac-
tion and not in the nuclear matrix fraction (35). Our data
indicate that wild-type EBNA-1 associates with cellular chro-
matin throughout the cell cycle and is not selectively recruited
onto chromosomes during mitosis.

The association of the EBNA-1 protein with interphase
chromatin may be related to the observed close link between
EBYV replication and chromosome tethering. Our abilities to
study episome tethering directly using microscopy, to use bio-
chemical fractionation to study EBNA-1-chromatin interac-
tions, and to employ transient-replication and transformation
analyses to evaluate replication and segregation have provided
direct experimental evidence highlighting strong links between
replication and chromosome tethering of oriP plasmids, both
of which require the EBNA-1 protein. Our data suggest a
model in which EBNA-1 associates with interphase chromatin
and brings viral replicons to chromatin to allow episomal rep-
lication by the host machinery once per cell cycle (Fig. 8, top).
This view is compatible with a previous proposal that EBNA-1
recruits oriP plasmids into specific subnuclear domains (28)
and that EBNA-1 mediates the tethering of oriP plasmids to
chromatin throughout the cell cycle (27). An important impli-
cation of this model envisioning “chromatin-associated repli-
cation” of oriP plasmids is that the newly replicated oriP plas-
mids can be evenly loaded onto newly replicated sister
chromatids at the same time that sister chromatid cohesion is
established during replication (44, 46). This is likely to increase
the probability of efficient segregation of oriP plasmids during
mitosis. Conversely, the model proposes that EBV episomes
that cannot engage chromatin because they either lack EBNA-
1 or encode EBNA-1 mutant proteins lacking chromatin bind-
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FIG. 8. Model for the link between replication and chromosome
tethering of EBV plasmids. (Top) Wild-type EBNA-1 protein (in gray)
mediates the association of oriP plasmids (circles) with interphase
chromatin (solid lines). The chromatin-associated oriP plasmids effi-
ciently replicate together with cellular chromatin using host replication
machinery, and the replicated molecules are loaded onto sister chro-
matids (shown as duplicated solid lines). Such molecules give the
appearance that they associate with mitotic chromosomes in subse-
quent mitosis. (Bottom) The truncated mutant form EBNA-1(A16-
372) (in gray) does not associate with cellular chromatin, resulting in
the inability to support replication, as well as mitotic chromosome
tethering of oriP plasmids (circles).

ing domains or because they do not contain the relevant re-
gions of oriP should neither replicate nor bind to mitotic chro-
mosomes nor be able to segregate efficiently. These predictions
are consistent with our observation that EBNA-1(A16-372),
which cannot recruit oriP plasmids onto interphase chromatin,
cannot support their replication and fails to mediate mitotic
chromosomal association (Fig. 8, bottom).

Previous studies indicated that the combination of EBNA-1
and FR was not sufficient for the replication of EBV plasmids
in the absence of DS (31, 38). By contrast, we found that the
ADS plasmid used in this study, which contains only the FR
and not DS, could both replicate and tether to mitotic chro-
mosomes. This result demonstrates the ability of EBNA-1-FR
to support replication and chromosome tethering and the in-
dependence of these processes from the DS element in the
EBV-lacO system we employed. There are several possible
explanations for how EBNA-1-FR enables replication in the
absence of DS. First, it is conceivable that EBNA-1-FR, which
has nuclear retention ability, indirectly stimulates replication
by minimizing plasmid loss from the nucleus before and fol-
lowing replication. A second and more likely explanation is
that EBNA-1-FR-mediated chromatin association, combined
with the additional sequences in the ADS plasmid, comple-
mented the DS deficiency. As we showed that EBNA-1-FR
enables EBV plasmid association with cellular chromatin
throughout the cell cycle, it is possible that the associations in
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S phase stimulate replication of the viral replicon by recruiting
the host replication machinery to the sequences that substitute
for DS. Indeed, previous studies showed that both human- and
bacterium-derived sequences can complement DS deficiency
and enable replication of FR-containing plasmids and that the
probability of complementation increased with the length of
the sequences cloned into the plasmids (15, 23). It is reason-
able to propose, therefore, that the lacO repeat sequence (10.1
kb) could complement DS, as there appears to be little se-
quence specificity required for such complementation (15).
Further experiments are required to test the idea that EBNA-
1-FR-mediated chromatin association itself can convert non-
replicating plasmids into replication-competent molecules.

The link between replication and chromosome tethering
raises the question of whether the DS element itself, which can
mediate replication in a mutant lacking the FR element (40,
50), can tether. It is well established that a plasmid having only
the DS element and lacking the FR element can replicate
efficiently in EBNA-1-expressing cells but cannot be stably
retained afterward (14, 40, 50). Based on our results, we pro-
vide the following explanation for this observation. We suggest
that the lower binding affinity of EBNA-1 for DS may be
sufficient to enable transient replication, but it may not be
strong enough to maintain the association between replicated
plasmids and the cellular chromatin through mitosis. Further
improvement of our microscopic assay may enable the long-
term analyses of plasmid segregation needed to evaluate the
validity of such a proposal.

The molecular basis of EBNA-1 binding to cellular chroma-
tin remains a mystery. We constructed expression vectors of
EBNA-1 mutant forms tagged with GFP similar to those re-
cently described (29) and found that the regions containing the
three chromosome binding domains work cooperatively to
achieve maximum mitotic chromosome association (unpub-
lished results). A previous analysis indicated the insensitivity of
this EBNA-1-chromosome interaction to RNase, suggesting
that protein-protein-DNA or protein-DNA interactions are
most likely (13). Since the chromatin binding domains of
EBNA-1 are positively charged, electrostatic interactions may
contribute to EBNA-1 binding to chromatin. Alternatively,
EBNA-1 may bind specifically to one or more cellular proteins,
which are presumably chromatin associated (41). Further de-
letion analyses or substitution mutation analyses of EBNA-1
should clarify the molecular mechanisms by which episomes
tether to cellular chromatin.

The tethering of viral genomes to host chromosomes ap-
pears to be a common aspect of the life cycle of DNA viruses
with a latent infection phase. These include other gammaher-
pesviruses, such as Kaposi’s sarcoma-associated herpesvirus (3,
8) and herpesvirus saimiri (24), and bovine papillomavirus (4,
17, 25, 43). Like EBV, Kaposi’s sarcoma-associated herpesvi-
rus and bovine papillomavirus also contain cis-acting se-
quences for episomal maintenance, and they encode trans-
acting viral proteins, latency-associated nuclear antigen, and
E2, respectively, which mediate chromosome tethering. There-
fore, chromosome tethering may be a common mechanism for
enhancing the transmission of extrachromosomally replicating
viruses into daughter nuclei. Interestingly, the 2pum plasmid of
Saccharomyces cerevisiae (47) and bacterial plasmids (19) also
contain cis-acting sequences and encode trans-acting factors,
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which colocalize with the plasmid DNAs. Therefore, this mode
of plasmid segregation may be conserved during evolution.
Our recent studies also demonstrate that cellular acentric,
autonomously replicating chromatin bodies, called double
minute chromosomes, tether to mitotic chromosomes and that
they are preferential targets for integration of EBV plasmids
(20). Examination of the cis- and trans-acting requirements for
the replication and segregation of extrachromosomal replicons
in bacterial, yeast, and mammalian cells should shed light on
the mechanism by which they achieve efficient mitotic segre-
gation in spite of their lack of functional centromeres. Equally
importantly, such studies should provide clues for designing
drugs to disrupt tethering and decrease the efficiency of trans-
mission of such acentric replicons to daughter cells, which
could generate novel antiviral and anticancer agents.
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