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Epstein-Barr Virus (EBV) infects resting B cells, within which it establishes latency as a stable, circular
episome with only two EBV components, the cis element oriP and the latently expressed protein EBNAL. It is
believed that EBNA1’s ability to tether oriP episomes to metaphase chromosomes is required for its stable
replication. We created fusions between the DNA-binding domain (DBD) of EBNAI1 and the cellular chroma-
tin-binding proteins HMGAla and HMG1 to determine the minimal requirements for stable maintenance of
an oriP-based episome. These two proteins differ in that HMGA1la can associate with metaphase chromosomes
but HMG1 cannot. Interestingly, coinciding with metaphase chromosome association, HMGA1la-DBD but not
HMG1-DBD supported both the transient replication and stable maintenance of oriP plasmids, with efficien-
cies quantitatively similar to that of EBNA1. However, HMGAla-DBD activated transcription from EBNA1-
dependent episomal reporter to only 20% of the level of EBNA1. Furthermore, EBNA1 but not HMGAla-DBD
activated transcription from a chromosomally integrated EBNAl-dependent transcription reporter. This
indicates that EBNA1 possesses functional domains that support transcription activation independent of its
ability to tether episomal oriP plasmids to cellular chromosomes. We provide evidence that metaphase
chromosome tethering is a fundamental requirement for maintenance of an oriP plasmid but is insufficient for

EBNAL to activate transcription.

Epstein-Barr virus (EBV) is a gammaherpesvirus that infects
resting B cells and also epithelial cells. Upon infection, the
double-stranded, linear EBV genome circularizes and persists
as a stable episome, infrequently integrating into the human
genome. In rapidly dividing cells, stable maintenance of the
EBV episome at copy numbers between 1 and 100 (48) re-
quires the replication and partitioning of its genome through
ensuing cell cycles. During latency, EBV replicates only once
per cell cycle semiconservatively (1, 47), utilizing the cellular
replication machinery for its own DNA synthesis (2, 9, 41).

Stable maintenance of an EBV-based episomal plasmid re-
quires only the origin of latent replication (in cis) oriP (46), and
the latently expressed viral protein (in trans) EBNA1 (48).
EBNAI homotypically interacts with two clusters of imperfect,
repetitive binding sites, the family of repeats (FR) and the
dyad symmetry element (DS), found within the cis element
oriP. Four binding sites within the DS, a formal origin of
bidirectional replication, contribute to the initiation of DNA
synthesis; the 20 binding sites comprising the FR support sta-
ble plasmid maintenance (2, 29) and transactivation by EBNA1
(39).

The amino terminus of EBNAI has two positively charged
regions, which we term A (amino acids 33 to 89) and B (amino
acids 328 to 378), that are required for EBNAI to attach to
cellular chromosomes, activate transcription, support the sta-
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ble replication of oriP plasmids, and link DNAs. EBNA1 par-
ticipates in all these processes without possessing any known
enzymatic activity (15, 34).

Within the carboxy terminus (DNA-binding domain [DBD])
of EBNAI (amino acids 451 to 641) lies the region required for
oriP binding and dimerization (3, 6, 8). Expression of the DBD
alone causes the rapid loss of oriP plasmids from proliferating
cells (27). This is because oriP fails to be replicated or to be
segregated due to a loss of association with cellular chromo-
somes (25). In fact, the DBD serves as a potent dominant-
negative inhibitor of oriP replication and maintenance when
coexpressed with EBNA1 (27).

Episomal maintenance is thought to occur via tethering of
oriP-containing episomes by EBNAI1 to host cell chromo-
somes. Through this association, newly replicated episomes are
segregated to both daughter cells upon each cell division.
EBNAL is associated with cellular chromosomes throughout
the phases of the cell cycle, including mitosis (23, 24). Three
regions that overlap the A and B domains of EBNAI1 contrib-
ute to metaphase chromosomal localization: CBS-1 (amino
acids 68 to 90), CBS-2 (amino acids 328 to 365), and CBS-3
(amino acids 8 to 67) (32). Extending these findings, recent
studies have demonstrated that expression of an EBNA1 mu-
tant lacking all three CBS domains failed to localize to meta-
phase chromosomes and was impaired in its ability to mediate
transient replication of an oriP-based plasmid (25).

Functional mapping studies indicate much overlap in the
regions that are required for functions mediated by EBNAI (8,
27, 30, 45). We therefore tested fusions of EBNAT1 that replace
its functional amino terminus with cellular proteins possessing
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defined biochemical properties. By quantifying the biological
function of a chimeric version of EBNAI, the role of the amino
terminus of EBNAL1 can be clarified; those fusions behaving
biologically and quantitatively similarly to EBNA1 provide in-
sight into the molecular mechanisms required for the replica-
tion and maintenance of an oriP replicon.

In this study we replaced EBNA1’s amino terminus (amino
acids 1 to 450) with either the HMGAla or HMG1 cellular
protein. The HMG family was attractive to use in a chimeric
fusion analysis with EBNA1 for several reasons. First, previous
findings have shown that a fusion between HMGA1la and the
DBD of EBNA1 support maintenance of oriP plasmids in
BJAB cells (20). Second, the HMG proteins serve as architec-
tural transcription factors that remodel DNA through induc-
tion of specific bends within it (7, 37, 38). This, like the func-
tion of EBNAI, occurs without enzymatic activity from the
HMG proteins (7, 37, 38). Third, and most importantly,
HMGA1la and HMG1 possess quite distinct binding properties
for different forms of cellular chromatin. Whereas HMGA1la
associates with metaphase chromosomes (13, 33), HMGI1 can
be found associated with interphase chromatin but not with
metaphase chromosomes (14, 22). Taken together, these prop-
erties of the HMG proteins provided the ability to directly test
whether metaphase chromosome association is necessary for
stable replication of oriP plasmids.

Here we present the first biochemical evidence that the
stable replication of an oriP episome requires only its associa-
tion with metaphase chromosomes. By utilizing EBNA1-DBD
fusions with either HMGA1la or HMG1, we determined that
quantitatively similar maintenance of an oriP-based episome
could be recapitulated solely through its ability to be tethered
to metaphase chromosomes. This is indicated by the observa-
tion that HMGA1a-DBD but not HMG1-DBD was sufficient
to support transient replication of oriP plasmids and stably
maintain oriP plasmids in long-term studies. Our data indicate
that metaphase chromosome tethering is required not only for
oriP plasmids to be maintained and partitioned but also for
them to undergo DNA synthesis in the ensuing S phase.

As EBNALI bound to oriP activates transcription from EBV
promoters (16, 36), we tested whether metaphase chromosome
tethering was sufficient for EBNALI to activate transcription
from episomal oriP-containing transcription reporters. We
found that both HMGA1la-DBD and HMG1-DBD were im-
paired in their ability to activate transcription from an episo-
mal reporter, suggesting that EBNA1 activates transcription
independently of its ability to maintain oriP plasmids. Support-
ing this conclusion, EBNA1 but not HMGA1la-DBD activated
transcription from a chromosomally integrated EBNA1-de-
pendent transcription reporter.

MATERIALS AND METHODS

Bacterial strains and plasmid purification. All plasmids were propagated in
Escherichia coli strains DH5a, MC1061/P3, and STBL2 (Invitrogen, Carlsbad,
Calif.). Plasmids used for transfection were purified on isopycnic CsCl gradients
(31).

Oligonucleotides and plasmids. Plasmid 1160 (27), which is an expression
plasmid for the DNA-binding domain (DBD) (amino acids 451 to 641) of
EBNAI, was used as the backbone hmg/EBNAI-DBD plasmid to create both
fusion proteins. Oligonucleotides AGO107 and AGO108 were used for PCR
amplification of ~mgl. These oligonucleotides contain SbfI and HindIII recog-
nition sites, respectively (italic): AGO107, 5'-GAATTCCCTGCAGGGGCCAG
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TCAGGCCCAACCATGGGCAAAGGAGATCCTAAGAAGC; and AGO108,
5'-GAATTCCTCGAGTCAAGCTTGTTCATCATCATCATCTTCTTCTTC
ATC. This PCR product was introduced into plasmid 1160 digested with ShfT and
HindlIlI to create a fusion product between hmgl and the DBD of EBNAI to
create plasmid AGP102.

Oligonucleotides AGO109 and AGO110 were used for PCR amplification of
hmgAla. These oligonucleotides contain Sbfl and HindlIII recognition sites, re-
spectively (italic): AGO109, 5'-GAATTCCCTGCAGGGGCCAGTCAGGCCC
AACCATGAGTGAGTCGAGCTCGAA GTCCA; and AGO110, 3'-GAATTC
CTCGAGTCAAGCTTGCTGCTCCTCCTCCGAGGACTCCTG. This PCR
product was introduced into plasmid 1160 digested with ShfI and HindIII to
create a fusion between hmgAla and the DBD of EBNAL in plasmid AGP103.

To create derivatives of the retroviral vector pLXSN (AGP164) that express
HMG1 or HMGALla, the open reading frames comprising imgl/EBNA1-DBD
and hmgAla/EBNAI-DBD were moved into AGP164 to create AGP176 and
AGP177, respectively. oriP replication reporter plasmids AGP74 and AGP100
are derivatives of pPUR that were described previously (18). AGP74 contains a
synthetic FR with 20 EBNA1 binding sites and is referred to as 20-FR in this
study. AGP100 contains a synthetic FR with seven EBNAT1 binding sites and is
referred to as 7-FR in this study. AGP66 is a derivative of AGP74 that lacks DS
and is referred to as DS— in this study. Plasmid 2380 is also a pPUR derivative
that contains wild-type oriP. Plasmid 1033 is a transcription reporter containing
oriP and expressing luciferase under the control of the BamHI-C promoter (27).
It is referred to as oriP-BamHI-C-luciferase in this study. AGP51 is a transcrip-
tion reporter plasmid that contains an FR with seven EBNAL1 binding sites and
the luciferase gene under the control of the herpes simplex virus type 1 thymidine
kinase promoter (18). It is referred to as 7FR-HSV-1-TK-luciferase in this study.
Construct 2145 is a cytomegalovirus-enhanced green fluorescent protein (EGFP)
expression plasmid that was used to measure transcription efficiency and nor-
malize for plasmid uptake (18). Sequences for all the plasmids used in this study
can be found at http://ebv.mimnet.northwestern.edu/plasmids.

Cell culture, transfection, and generation of stable 293 cell lines. The human
EBNA1-expressing cell line 293/EBNAL is a derivative of 293 cells that stably
express wild-type EBNAL. 293/HMG1-DBD cells are a derivative of 293 cells
which stably express, through retroviral integration, human wild-type HMG1
fused to the DNA-binding domain of EBNA1. 293/HMGA1a-DBD cells are a
derivative of 293 cells which stably express, through retroviral integration, human
wild-type HMGA1a fused to the DNA-binding domain of EBNAL1. All cells were
propagated in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum and antibiotics. G418 was added for 293/EBNAT cells at a
final concentration of 200 pg/ml and at 300 pg/ml for 293/HMG1-DBD and
293/ HMGA1a-DBD cells. BJAB cells containing an integrated FR-HSV-1-TK-
luciferase reporter were a gift from Bill Sugden and grown in RPMI 1640
supplemented with 10% fetal bovine serum and puromycin at 1 mg/liter. All cells
were grown in 37°C in a humidified 5% CO, atmosphere.

A derivative of 293 cells (17) stably expressing the retroviral Gag and Pol
proteins (gp293) was used to package and propagate retroviral vectors. They
were grown in the conditions described above to 50% cell density in a 10-cm dish
and cotransfected by the calcium phosphate method with 10 pg of AGP176 or
AGP177, 10 pg of vesicular stomatitis virus G expression plasmid (AGP154), and
100 ng of a simian virus 40 large-T-antigen expression plasmid (AGPS). After
16 h, the medium was replaced. After 72 h, the virus-containing medium was
collected and centrifuged to pellet suspended cells, and 5 ml of virus-containing
medium was used to infect 293 cells grown to 50% cell density in a 10-cm dish.
To increase the efficiency of retroviral infection, Polybrene was added during the
infection at a final concentration of 7.5 wg/ml. After 48 h, infected cells were split
1:10 and then placed under selection with 300 pg of G418 per ml. Protein
expression was confirmed by immunoblotting and immunofluorescence.

Cells were transfected by the calcium phosphate method as described previ-
ously (31) unless otherwise noted. Transfections were normalized by the inclu-
sion of 1 pg of a cytomegalovirus-EGFP expression plasmid, 2145, in each
transfection. Upon harvest, a fraction of the cells were profiled with a Becton-
Dickinson FACScan or FACSCalibur. Transfection efficiency was measured as
the fraction of GFP-expressing, live cells quantified with CellQuest software
from Becton-Dickinson (Franklin Lakes, N.J.).

Immunoblotting. Immunoblotting was done by standard protocols (31).
Briefly, extracts from 1.5 X 10° cells were separated on a sodium dodecyl
sulfate-10% polyacrylamide gel and transferred to a polyvinylidene difluoride
membrane. After blocking for 1 h with 1% fat-free milk and 0.05% Tween 20, the
membrane was treated with a rabbit polyclonal anti-EBNAT serum (30) diluted
1:1,000 in blocking solution for 1 h at 37°C. The secondary antibody was a
horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin antibody
diluted 1:10,000 in blocking solution for 1 h at 37°C. Membranes were briefly
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washed once with 0.5% Tween 20 in PBS and once briefly with deionized water.
Detection was performed by conventional chemiluminescence methods.

Indirect immunofluorescence. 293, 293/EBNA1, 293/HMG1-DBD, and 293/
HMGA1a-DBD log-phase cells were grown on cell culture-treated Thermanox
plastic coverslips (Fisher, Hanover Park, II1.) to 40 to 60% confluence. Cells were
washed two times with phosphate-buffered saline (PBS), fixed in fresh 3.5%
formaldehyde for 20 min at room temperature, and then blocked and perme-
abilized in PBS containing 3% bovine serum albumin and 0.5% Triton X-100 for
an additional 20 min at room temperature. Alternatively, similar results were
achieved by fixing and permeabilizing cells in —20°C methanol for 2 min. The
permeabilized cells were then incubated with a rabbit polyclonal antibody against
the EBNA1 DBD, K67.3 (1:1,000 dilution in PBS), for 30 min in a humidified
chamber at. This was followed by incubation with a fluorescein isothiocyanate
(FITC)-conjugated anti-rabbit immunoglobulin antibody (Amersham, Bucking-
hamshire, United Kingdom) (1:500 dilution in PBS) for 30 min in a humidified
chamber at 37°C. The cells were counterstained with 4',6’-diamidino-2-phenylin-
dole (DAPI) for 1 min at room temperature in PBS and then mounted onto glass
slides with 10 pl of antifade solution (Vectashield; Vector Laboratories, Burlin-
game, Calif.).

For cell imaging, an Olympus IX inverted fluorescence microscope and a
Photometrix cooled charge-coupled device camera (CH350/LCCD) utilizing
DeltaVision software from Applied Precision Inc. (Seattle, Wash.) was used for
data collection. Twenty 200-nm optical sections were taken through the depth of
the cell, and DeltaVision software (softWoRx) was used to deconvolve these
images to individual layers. DeltaVision soft WoRx uses a constrained iterative
deconvolution algorithm to remove out-of-focus blur in fluorescence optical
sections and was set for a minimum of 15 iterative cycles. Fluorescence emission
was linear over the 100-fold range of emission signals, where FITC and DAPI
signals were detected well within these ranges. Images were acquired with 100
NA 1.35 objectives with or without 1.5X enhancement.

Colony formation assays to assess plasmid maintenance and partitioning. We
cotransfected 10 png of AGP74 or an equivalent number of moles of plasmid
AGP100 or 2380 with 1 pg of 2145 into 107 293, 293/EBNA1, 293/HMG1-DBD,
or 293/ HMGA1a-DBD cells on a 10-cm dish. Medium was replaced 16 h post-
transfection. After 48 h, cells were harvested, profiled by fluorescence-activated
cell sorting (FACS) to measure GFP expression and viability, and replated in
duplicate at 2 X 10° and 2 X 10* GFP-positive, live cells per 10-cm dish. Cells
were placed under selection with 0.5 pg of puromycin per ml 4 days posttrans-
fection. After 2 weeks of selection, the resulting puromycin-resistant colonies
were fixed with formamide and subsequently stained with methylene blue. Col-
onies were counted with NIH Image. Briefly, scanned images of plates were
cropped to the rectangular coordinate dimensions 1.370 by 0.915 arbitrary units
with Adobe Photoshop. Colonies of the cropped image were counted with a
macro within NIH Image. Because colony counts were calculated on a cropped
image that comprised 60% of the total area of the scanned culture dish, total cell
counts were normalized to represent colony counts on a full 10-cm culture dish
(cell counts/0.6).

Southern hybridization analysis to assess plasmid replication. We cotrans-
fected 10 pg of AGP74 or an equivalent number of moles of plasmid AGP100 or
2380 with 1 pg of 2145 into 107 293, 293/EBNAL, 293/HMG1-DBD, or 293/
HMGA1a-DBD cells on a 10-cm dish. Medium was replaced 16 h posttransfec-
tion. After 96 h, DNA was harvested from 2 X 107 cells, while 10° GFP-positive,
live cells, as measured by FACS profiling, were plated per 10-cm dish for puro-
mycin selection as described above. After 3 weeks of selection, DNA was ex-
tracted from 2 X 10° to 10® puromycin-resistant cells as described previously
(18). Extracted DNAs were digested with 200 units of Dpnl and/or an enzyme
that linearizes each plasmid (as stated in the figure legends) in a final volume of
20 pl overnight at 37°C.

Restriction endonucleases were purchased from New England Biolabs (Bev-
erly, Mass.) and used as per the manufacturer’s instructions. Digestions were
electrophoresed on a 0.8% agarose gel. DNAs were transferred from the gel to
a Hybond membrane (Amersham, Buckinghamshire, United Kingdom) with an
Appligene vacuum transfer apparatus (Boekel Scientific, Feasterville, Pa.). Ra-
dioactive probes were prepared by the incorporation of [a->?P]dCTP (6,000
Ci/mmol) (Amersham) during Klenow synthesis with random primers and Xbal-
digested AGP83 (pPUR-DS) (or the indicated plasmid) as a template. Probe
specific activities ranged from 10° cpm/pg to 3 X 10° cpm/pg. Southern hybrid-
ization was performed as described by Hubert and Laimins (19). Southern blots
were visualized and quantified by phosphorimage analysis with a Molecular
Dynamics Storm phosphorimager (Molecular Dynamics, Sunnyvale, Calif.).

Transcription reporter assays. We cotransfected 1 pug of 1033 or an equivalent
number of moles of AGP51 with 1 pg of 2145 into 293, 293/EBNALI, 293/HMG]-
DBD, and 293/HMGA1a-DBD cells. The medium was replaced 16 h posttrans-
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fection. At 48 h, cells were harvested, counted twice with a Coulter counter,
pelleted, and lysed in reporter lysis buffer (provided along with a luciferase assay
kit from Promega, Madison, Wis.) at a concentration of 10° cells/pl. Lysates were
spun for 5 min at 1,000 X g to remove nuclei and then frozen at —80°C until
assay. For BJAB cells, 2.5 X 107 cells were resuspended in 4.5 ml of RPMI
complete medium to a final concentration of 5.5 X 10° cells/ml. Cells were then
electroporated (210 V, 25 Q resistance, 950 pF capacitance) with 10 pg of
expression plasmids pcDNA3.1, 1160, 1553, AGP102, and AGP103 along with 1
g of 2145. Luminescence assays were performed as per the manufacturer’s
instructions with a Zylux FB 15 luminometer.

Salt extraction of chromatin-associated proteins. Cells were washed twice with
PBS lacking Mg?* and Ca?* and resuspended in buffer A (10 mM HEPES [pH
7.6], 10 mM KCl, 1.5 mM MgCl,, 0.34 M sucrose, and 10% glycerol). Triton
X-100 was added to 0.1%, and the cells were incubated for 5 min at 4°C. Nuclei
were pelleted at 4,000 rpm for 5 min. The supernatant was recovered and
denoted the cytoplasm. The nuclei were washed once in buffer A before being
divided between fresh aliquots of buffer A containing 0, 25, 50, 100, 200, 400, and
800 mM NaCl. Nuclei were extracted for 30 min at 4°C, followed by precipitation.
The supernatants containing proteins released from the nuclei were recovered
and are denoted NS 0 to 800. Immunoblots were performed as described with
K67.3, a rabbit polyclonal antibody directed against amino acids 459 to 641 of
EBNAIL. The human orc2 protein was detected with a monoclonal antibody
(Becton Dickinson, Franklin Lakes, N.J.).

RESULTS

Construction, expression, and localization of HMG-DBD
fusions. EBNAL is detected in interphase nuclei and binds
mitotic chromatin. To directly address whether these proper-
ties of EBNA1 were necessary and sufficient for stable main-
tenance of oriP plasmids, we created chimeras between the
DBD of EBNAT1 and the high-mobility group family members
HMGAIla (formerly called HMGI) and HMG1. Full-length
HMGs were fused by a short peptide linker of sequence QAST
to the DBD of EBNAI (amino acids 451 to 641) directly
preceded by EBNA1’s nuclear localization sequence (NLS,
amino acids 379 to 386) (3) and are designated HMGAIla-
DBD and HMG1-DBD throughout this report. Schematic rep-
resentations of these fusions, compared to wild-type EBNAL1
(EBNAL), are diagrammed in Fig. 1A.

Immunoblots of extracts from 293 cells stably expressing the
fusion proteins probed with anti-EBNAI1 antiserum are shown
in Fig. 1B. The electrophoretic mobilities of the HMG fusions
were consistent with their predicted molecular weights.

The localization of EBNA1, HMGA1a-DBD, and HMG1-
DBD in asynchronously growing cells was examined and is
shown in Fig. 1C. Cells were fixed and probed with a rabbit
polyclonal antibody against the EBNA1 DBD. Proteins were
visualized with a FITC-conjugated goat anti-rabbit immuno-
globulin secondary antibody, and the nucleus was counter-
stained with DAPI. As shown in the figure, all three proteins
were predominantly nuclear in cycling cells.

HMGA1a-DBD and EBNA1 but not HMG1-DBD are local-
ized to mitotic chromosomes. We next sought to determine the
localization of the HMGAla-DBD and HMG1-DBD fusions
on cellular chromosomes during metaphase. Both endogenous
HMGA1la and HMG1 have been shown previously to localize
to interphase chromatin, as did our fusion proteins (Fig. 1C).
However, HMGA1a, unlike HMG1, also associates with meta-
phase chromosomes (14, 22, 40). We wished to confirm that
fusing the DBD of EBNALI to either HMG protein would not
disrupt its chromatin binding properties. To do this, indirect
immunofluorescence with antiserum that recognizes the DBD
of EBNALI was performed on colcemid-blocked stable deriva-
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FIG. 1. Schematic representation of EBNAL1 and fusion proteins, their expression, and intracellular localization. (A) Wild-type EBNA1 from
the prototype B95-8 strain of EBV is 641 amino acids (aa) long. The DNA binding and dimerization domain (DBD) lies between amino acids 451
and 641. Two positively charged regions implicated in oriP maintenance and transcription activation lie between amino acids 33 to 89 and 328 to
378 and are indicated. A nuclear localization sequence (NLS) has been identified between amino acids 379 and 386 and is also indicated. The
HMGA1a-DBD fusion protein contains full-length human HMGA1a (GenBank accession number NM_145899) fused with a short peptide linker
(QAST) to the NLS and DBD of EBNAI. The HMG1-DBD fusion protein contains full-length human HMG1 (GenBank accession number
BC030981) fused to the NLS and DBD of EBNAI1. (B) Immunoblots of extracts from 1.5 X 10° 293 cells that stably express either the
HMGA1a-DBD fusion or the HMGI1-DBD fusion. The migration positions of the DBD of EBNAI and fusion proteins are indicated by
arrowheads. Immunoblots were probed with rabbit polyclonal antiserum raised against the DBD of EBNA1. (C) EBNA1, HMGAla-DBD, and
HMG1-DBD are detected in the nuclei of interphase, cycling cells stably expressing each of these proteins by indirect immunofluorescence. 293
derivative cell lines were grown on coverslips, fixed, and stained as described in Materials and Methods. EBNA1 was visualized with FITC-
conjugated goat anti-rabbit IgG. DAPI-stained nuclei, FITC-stained cells, and merged images are indicated.
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FIG. 1—Continued.

tives of 293 cells expressing the HMG fusions or EBNAI.
Individual deconvolved layers of images were then analyzed for
colocalization with metaphase chromosomes counter-stained
with DAPI.

As shown in Fig. 2, 293/EBNA1 cells showed robust, punc-
tate staining of EBNA1 on metaphase chromosomes, as ex-
pected from previous studies. A similar punctate staining of
HMGAT1a-DBD on metaphase chromosomes was observed.
For EBNA1 and HMGA1a-DBD, nearly all the staining was
metaphase chromosome associated, and little staining was ob-
served in regions of the field where metaphase chromosomes
were absent. In fact, the outlines of metaphase chromosomes
can be detected simply by observing the fluorescence associ-
ated with EBNA1 or HMGA1a-DBD. In contrast, no specific
metaphase chromosome-associated signal was detected with
HMG1-DBD. When the FITC signal was set to be saturating,
HMG1-DBD was observed to stain in a dispersed and diffuse
manner. Little specific association with metaphase chromo-
somes was observed, and the staining was distributed through-
out the field of view, mostly in areas that lacked metaphase
chromosomes, indicating that this protein is not specifically
associated with metaphase chromosomes. Furthermore, indi-

vidual layers of deconvolved images indicated that the HMG1-
DBD signal did not coincide with the DAPI signal for meta-
phase chromosomes. This confirmed that fusing the DBD of
EBNAL to either HMG protein had no effect on its localiza-
tion in either mitotic or interphase cells (Fig. 1C and 2). In Fig.
2B, upon higher magnification, we noted that the specific stain-
ing pattern of HMGA1la-DBD on mitotic chromatin was quite
similar to that of EBNA1 with respect to being both punctate
and randomly distributed on metaphase chromosomes. We
also observed more staining of metaphase chromosomes by
HMGA1a-DBD, possibly due to higher expression levels.

Analysis of HMG fusion maintenance of oriP plasmids by
colony formation. Stable maintenance of oriP plasmids by
EBNALI requires its ability to replicate and faithfully partition
an oriP-containing replicon through multiple, successive cell
divisions. Drug-resistant colony formation has been used pre-
viously as a standard assay to evaluate the total maintenance
function of EBNAL1 (18). If a version of EBNALI is capable of
efficiently mediating both the replication and partitioning of an
oriP plasmid containing a puromycin resistance gene, drug-
resistant cells will form colonies under selection.

To determine the frequency at which HMGA1la-DBD and



11772 SEARS ET AL.

FITC

293/EBNAL

293/HMGAla
-DBD

293/HMGI |
-DBD

J. VIROL.

MERGE

293/EBNA1

293/HMGAla
_DBD

FIG. 2. Localization of EBNAI and fusion proteins to metaphase chromosomes by indirect immunofluorescence. (A) 293, 293/EBNAI,
293/HMGA1la-DBD, and 293/HMG1-DBD cells were stalled in early mitosis with colcemid, swollen by hypotonic shock, and dropped on coverslips
to release condensed metaphase chromosomes. Chromosomes were fixed and visualized by DAPI staining (deep blue) or probed with rabbit
polyclonal antiserum against the EBNA1 DBD. EBNATI and the fusion proteins were visualized with FITC-conjugated goat anti-rabbit IgG (bright
green). The cell type used for the experiment is indicated to the left of each row of images, and the visualization used is indicated above each
column of images. Size bars are indicated within some image panels. Images were taken at 60X magnification. The images indicate that EBNA1
and HMGA1a-DBD are localized to metaphase chromosomes. HMG1-DBD is not associated specifically with metaphase chromosomes but is
dispersed throughout the field of view. (B) Merged images of metaphase chromosomes from 293/EBNA1 and 293/HMGA1a-DBD cells taken at

100X magnification with 1.5X enhancement.

HMG1-DBD could establish colonies of oriP-containing cells,
the 293 derivatives were transfected with a plasmid containing
wild-type oriP and a puromycin resistance gene (2380). Briefly,
48 h posttransfection, equal numbers of live, transfected cells
were plated and subsequently subjected to puromycin selection
as described in the Materials and Methods section. Puromycin-
resistant colonies were then stained, counted, and compared to
colonies formed by 293/EBNAI cells under the same condi-
tions. As shown in Fig. 3A, cells expressing HMGAla-DBD
yielded colony counts (836 = 27) close to those arising from
cells expressing EBNA1 (1,201 = 104). Strikingly we found
that cells expressing HMG1-DBD, like 293 cells expressing no
version of EBNA1, were completely impaired in their ability to
maintain oriP plasmids, yielding no puromycin-resistant colo-
nies.

We have observed previously that the maintenance function
of EBNALI is dependent on the number of EBNA1 binding
sites within FR (18). To determine if a version of EBNA1 with
its amino terminus replaced by HMGA1la was also sensitive to
decreasing numbers of EBNAI binding sites within FR, we
transfected the 293 derivative cell lines with a puromycin-
resistant replication reporter plasmid containing a synthetic
FR with either seven (7-FR) or 20 (20-FR) EBNA1 binding
sites. 20-FR gave results similar to those observed with wild-
type oriP in all three 293 derivative cell lines. That is, 293/
HMGA1a-DBD cells gave rise to colonies (553 = 22), albeit to
a lesser extent than 293/EBNAL cells (1,217 * 220), whereas
293/HMG1-DBD cells again gave rise to no puromycin-resis-
tant colonies. Finally, we found that both 293/EBNA1 cells and
293/HMGA1a-DBD cells formed fewer colonies (634 + 13 and
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FIG. 3. oriP-puro replication reporter plasmids form colonies in 293/HMGA1la-DBD cells but not in 293/HMG1-DBD cells. 293/EBNA,
293/HMGA1a-DBD, and 293/HMG1-DBD cells were transfected with pPUR derivatives containing DS and either wild-type FR (wild-type oriP),
20 synthetic EBNA1 binding sites (20-FR), or seven synthetic EBNAI1 binding sites (7-FR). Transfected cells were subjected to puromycin selection
for 2 weeks as described in Materials and Methods, following which they were fixed and stained with methylene blue. Colonies were counted as
described in Materials and Methods. The cell line used for the colony formation assay is indicated above each column of images, and the plasmid
used in the assay is indicated to the left of each row of images. The numbers below each image indicate the number of colonies along with the
standard deviation. The results indicate that 293/EBNA1 and 293/HMGA1a-DBD cells replicated stably and maintained all three oriP reporter
plasmids. There was no stable replication and maintenance of oriP plasmids in 293 or 293/HMG1-DBD cells, indicated by a total absence of

colonies.

107 = 12, respectively) when the replication reporter plasmid
contained only seven EBNAI1 binding sites in FR. From the
colony formation assays, we conclude that cells expressing
HMGA1a-DBD can maintain oriP plasmids at levels compa-
rable to EBNA1, 293/ HMGA1a-DBD cells, like 293/EBNA1
cells, show decreased efficiency in maintaining oriP plasmids
with limiting numbers of EBNAI1 binding sites, and HMG1-
DBD fails to maintain oriP plasmids.

Under selection, HMGA1la-DBD maintains oriP plasmids at
copy numbers similar to EBNAL. To quantify the average copy
number of an oriP plasmid maintained by HMGAla-DBD
relative to EBNA1, we performed Southern analysis on cells
that stably maintained either the wild-type oriP or 7-FR repli-
cation reporter plasmid under selection. 293/EBNA1 and 293/
HMGA1a-DBD cells were transfected with the wild-type oriP
or 7-FR replication reporter plasmid and selected in puromy-

cin (0.5 pg/ml) for up to 18 days posttransfection. At this time,
DNA was isolated, Dpnl digested to degrade unreplicated
plasmid DNA, linearized with Xbal, and quantified by South-
ern blot. Average plasmid copy numbers were then calculated
with DNA loading standards as shown in Fig. 4.

In support of the colony formation data (Fig. 3), we found
that 293/HMGA1a-DBD cells (118 = 12 copies per cell) main-
tained wild-type oriP with an efficiency very close to that found
for 293/EBNAL cells (117 £ 1 copies per cell) (Fig. 4). Fur-
thermore, we found that the average copy number found in
both 293/EBNA1 (31 = 1 copies per cell) and 293/HMGAla-
DBD (25 =+ 4 copies per cell) cells decreased substantially
when FR contained only seven EBNAL1 binding sites. These
results indicate that under selective conditions, HMGA1la-
DBD stably maintained oriP plasmids at efficiencies very close
to EBNAL. It was observed under these same assay conditions



11774 SEARS ET AL.

DNA stds. (pg) wtEBNA| HMGA1a-DBD
100 300 1000 7-FR oriP 71-FR oriP

Ap

Average copy number: 311 117x1  25+4 118x12

FIG. 4. oriP-puro replication reporter plasmids are stably repli-
cated as plasmids in the 293/EBNA1 and 293/HMGA1la-DBD cell
lines. The 7-FR and wild-type oriP replication reporter plasmids de-
scribed in the legend to Fig. 3 were transfected into 293/EBNA1 and
293/HMGA1a-DBD cells, which were subjected to 2 weeks of puro-
mycin selection. At that time, DNA was isolated from the pool of
puromycin-resistant cells and analyzed by Southern blotting with la-
beled probes made from plasmid pPUR-DS. The cell line used for
transfection is indicated above each set of lanes, and the plasmid used
for transfection is indicated above each lane. The amounts of stan-
dards loaded are indicated above each standard, and their electro-
phoretic mobility is indicated by A. B indicates the electrophoretic
mobility of the test plasmids. The values below each lane indicate the
average copy number per transfected cell and standard deviation. The
experiment indicates that while under selection, both replication re-
porter plasmids were replicated equivalently in 293/EBNAT1 and 293/
HMGA1a-DBD cells.

that 293/HMG1-DBD did not survive puromycin selection,
again confirming our colony formation data that oriP cannot be
maintained stably by the HMG1-DBD fusion protein.

These results have shown that HMGA1la-DBD maintains
oriP plasmids at copy numbers very close to those of EBNA1
under selective conditions. Additionally, as indicated by the
colony formation data and plasmid copy number, 293/
HMGA1a-DBD cells are also sensitive to the number of bind-
ing sites within FR. Taken together, these data provide strong
support that HMGA1la-DBD mechanistically functions simi-
larly to EBNAL in its ability to stably maintain oriP plasmids.

293/HMGA1a-DBD cells but not 293/HMG1-DBD cells sup-
port the transient replication of oriP plasmids. As stable main-
tenance requires an oriP plasmid to undergo successful DNA
synthesis and faithful partitioning upon each cell generation,
failure of HMG1-DBD to support colony formation results
from the inability to support either replication or partitioning
of an oriP plasmid. We therefore examined the ability of 293/
HMGA1a-DBD and 293/HMG1-DBD cells to support DNA
synthesis from an oriP plasmid in a transient assay. 293/
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FIG. 5. HMGI1-DBD does not support transient replication of oriP
plasmids. 293, 293/EBNAI1, 293/HMGA1la-DBD, and 293/HMGI-
DBD cells were transfected with the wild-type oriP plasmid described
in the legend to Fig. 3. DNA was extracted from transfected cells 4
days posttransfection, digested with Dpnl to degrade unreplicated,
bacterially methylated input DNA, linearized with HindIIl, and quan-
tified by Southern blot. The blot was probed as described in the legend
to Fig. 4. Quantification standards are shown on the left, with their
migration position indicated by A, and the amount of the standard
loaded is indicated above each lane. The identity of the cell line used
for transient transfection is indicated above each lane on the right. The
position of replicated Dpnl-resistant, full-length linearized wild-type
oriP plasmids is indicated by B, and the migration positions of Dpnl-
sensitive nonreplicated DNAs are indicated by the boxed arrowheads
and C. No transient replication of wild-type oriP was detected in
HMG1-DBD.

EBNA1, 293/HMGA1la-DBD, and 293/HMGI1-DBD cells
were transfected with plasmid 1033, which contains wild-type
oriP. Cells were harvested 4 days posttransfection, and DNA
was isolated from them. This DNA was digested with Dpnl to
degrade unreplicated input plasmid and with HirdIII to lin-
earize the replicated plasmids. Linearized DNAs were quanti-
fied by Southern blot. This analysis is shown in Fig. 5.
Plasmid 1033 was replicated efficiently in 293/EBNA1 cells
but to a somewhat lesser extent in 293/HMGA1a-DBD cells by
4 days posttransfection. To our surprise, in multiple experi-
ments, we failed to detect any replication of this reporter
plasmid in 293/HMG1-DBD cells. In fact, even when Southern
blots were overexposed, no replicated DNA could be detected
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in extracts prepared from transfected 293/HMG1-DBD cells,
while small amounts of replicated 1033 DNA could be detected
in 293 cells, confirming previous data that there is low-level
nonspecific transient replication of oriP in the total absence of
EBNAT1 (Fig. 5, lane marked 293). To confirm the inability of
HMG1-DBD to support replication of an oriP plasmid inde-
pendent of the use of 293/HMG1-DBD cells, we transfected an
expression plasmid for HMG1-DBD that also contained oriP
(AGP111) into 293 cells and found that it had not undergone
replication 2 days or 4 days posttransfection (data not shown).
These data indicate that tethering by EBNA1 to metaphase
chromosomes is required not only for oriP plasmid partitioning
but also for replication of oriP plasmids.

Replication in 293/HMGA1a-DBD cells is DS dependent.
DS functions as the origin within oriP when EBNA1 is used as
the replicator protein. EBNA1 binds four sites within DS, and
this interaction is required for robust replication of oriP plas-
mids 4 days posttransfection. This may be because EBNAL1
bound to DS mediates replication by either opening oriP
through bending (5) or making DS accessible to the replication
machinery by displacing nucleosomes (4). To determine
whether HMGAT1a-DBD still requires DS to mediate replica-
tion from oriP, we examined whether 293/ HMGA1a-DBD cells
could replicate an oriP plasmid that lacked DS. For this exper-
iment we used the 20-FR plasmid used for the colony forma-
tion assays or a derivative of this plasmid that lacked DS.
293/EBNAI1 and 293/HMGA1la-DBD cells were transfected
with these plasmids, and DNAs were extracted from trans-
fected cells 4 days posttransfection, Dpnl digested to degrade
unreplicated plasmids, linearized with Xbal, and examined by
Southern blot.

As shown in Fig. 6, the DS-containing replication reporter
plasmid was replicated in both cell types to similar average
copies per cell (23.6 = 5.4 for 293/EBNA1 and 25.1 + 4.7 for
293/HMGAI1la-DBD), despite differences in replication ob-
served in transient assays with native oriP (Fig. 5); however,
both 293/EBNA1 and 293/HGMA1a-DBD cells failed to rep-
licate the reporter plasmid that lacked DS. The results in Fig.
6 support the notion that HMGA1la-DBD bound to DS pos-
sesses the same functional capabilities as EBNAL for initiation
of DNA synthesis from oriP. By extension, HMGAIla can re-
place any contributions made by the first 450 amino acids of
EBNAL toward the initiation of DNA synthesis from DS. That
is, no specific protein-protein interactions are mediated by this
large portion of EBNA1 required for the initiation of DNA
synthesis from DS.

oriP plasmids are lost at equivalent rates in 293/ HMGAla-
DBD and 293/EBNAL cells in the absence of selection. In the
presence of EBNAL, oriP is maintained efficiently, such that on
average, only 2 to 6% of oriP plasmids are lost per cell per
generation, depending on the cell type. Because of the short
half-lives of the luciferase protein and mRNA (44), it has been
shown that measuring luciferase activity from cells transfected
with a luciferase reporter that contains oriP can also be used to
follow plasmid maintenance in the presence or absence of
EBNAL (2, 44).

To determine if HMGA1la-DBD maintains oriP plasmids as
efficiently as EBNAI1, we calculated the rate at which oriP
plasmids were lost in 293/HMGA1a-DBD cells in the absence
of drug selection over a time course of 3 weeks. The protocol
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FIG. 6. DS is required for the replication of oriP plasmids in 293/
HMGA1a-DBD cells. 293/EBNA1 and 293/HMGA1a-DBD cells were
transfected with the 20-FR plasmid described in the legend to Fig. 3
that either contained DS (DS+) or lacked DS (DS—). DNA was
recovered from transfected cells 4 days posttransfection, digested ex-
haustively with Dpnl to degrade input, bacterially methylated, unrep-
licated DNA, linearized with Xbal, and quantified by Southern blot.
Quantification standards are shown on the left, with their migration
position indicated by A, and the amount of the standard loaded is
indicated above each lane. The identity of the transfected cell line is
indicated above each set of lanes, and the identity of the transfected
replication reporter is indicated above each lane. The migration posi-
tion of replicated, Dpnl-resistant, linearized replication reporter plas-
mid is indicated by B, while C indicates the position of the largest
Dpnl-sensitive fragment. The result indicates that replication of oriP
plasmids in both cell lines occurred only in the presence of DS. The
values below each lane indicate the copy number per cell along with
the standard deviation.

used for this experiment is diagrammed in Fig. 7. Briefly,
293/EBNALI and 293/HMGA1a-DBD cells were cotransfected
with plasmid 1033 and an EGFP expression plasmid. Plasmid
1033 contains oriP and expresses luciferase under the control
of the EBV BamHI-C promoter. Beginning at 8 days posttrans-
fection, the number of replicated oriP plasmids per cells was
quantified by Southern blot, and the level of luciferase per
transfected cell was measured. This process was repeated every
4 to 5 days under conditions in which the transfected cells were
not permitted to reach confluence. The results of this assay,
shown as the percentage of average copy number relative to
the first time point (day 8), are summarized in Table 1.

In 293/EBNA1 cells oriP plasmids were lost at a rate of 3.6%
per cell per generation, while in 293/HMGA1a-DBD cells, oriP
plasmids were lost at a rate of 3.5% per cell per generation. We
also determined the amount of luciferase activity for each cell
type throughout the time course of the experiment. For both
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FIG. 7. Schematic depiction of the rate of loss assay summarized in Table 1. On day 0, 293/EBNAI1 and 293/HMGA1la-DBD cells were
transfected with an oriP-BamHI-C-luciferase replication and transcription reporter plasmid. Two days posttransfection, cells were split onto three
plates so that they would not reach confluence by 8 days posttransfection. On day 8, plasmid DNA was harvested from the cells on one plate and
quantified by Southern blot, while the cells on another plate were used for FACS analysis and the luciferase assay. The third plate was split onto
three additional plates for the next time of harvest, which was 4 days later. Subsequent harvests were carried out on days 12, 16, and 21

posttransfection.

cell types, luciferase expression decreased at approximately
3.5% per cell generation, although the absolute levels of lucif-
erase expressed in 293/EBNAL cells were substantially higher
than in 293/HMGA1a-DBD cells (data not shown).

These data show that even in the absence of selection, oriP
plasmids are maintained with similar efficiencies by HMGA1a-
DBD and EBNAL.

EBNA1 and HMGA1a-DBD bind interphase chromatin with
substantially different affinities. Although we postulate that
our HMGAI1la-DBD fusion functions like EBNA1 because
both of these proteins associate with metaphase chromosomes,
we decided to examine whether their affinities for interphase
chromatin, as determined by salt extraction, also coincided.
This would allow us to determine if a different property, the
affinity of EBNAL1 for chromatin, was related to its capacity to

TABLE 1. Rate of loss of replicated oriP-BamHI-C-luciferase over
time in the absence of selection in 293/EBNA1 and
293/ HMGA1a-DBD cells

Avg copy no.” (% of total)

. % Plasmid loss
on day posttransfection:

Cell line per cell
3 12 16 21 generation
293/EBNA1 100 854 7.6 748 =11 609 = 14 3.6
293/HMGAla- 100 90 =23 8521 71.8 72 35
DBD

“ Average copy number of Dpnl-resistant, replicated plasmids maintained in
the absence of selection, represented as a percentage the number of plasmid
copies after 8 days.

function in episomal tethering and maintenance. Nuclei were
prepared from 293/EBNA1 and 293/HMGA1a-DBD cells and
exposed to increasing concentrations of salt to determine the
concentration that would liberate EBNA1 and HMGAla-
DBD from chromatin. The results of this analysis are shown in
Fig. 8. Protein solubilized at each salt concentration was visu-
alized by immunoblotting with rabbit polyclonal antiserum
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FIG. 8. EBNA1 and HMGA1a-DBD are differentially extracted
from interphase nuclei. Nuclei were prepared from 293/EBNA1 and
293/HMGA1a-DBD cells and exposed to increasing concentrations of
salt from 0 mM (ns 0) to 800 mM (ns800). Pelleted supernatants were
separated on sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) gels and immunoblotted with an antibody against the
EBNA1 DBD. EBNA1 was maximally extracted from chromatin be-
tween 100 and 200 mM salt. HMGA1a-DBD was extracted from chro-
matin at between 400 and 800 mM salt. WCE, whole-cell extracts;
CYTO, cytoplasmic extracts. A control extraction was performed with
the chromatin-associated human protein orc2.
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FIG. 9. Transactivation of episomal transcription reporter plasmids by EBNA1, HMGAla-DBD, and HMG1-DBD. 293, 293/EBNA1, 293/
HMGA1a-DBD, and 293/HMG1-DBD cells were transfected with (A) oriP-BamHI-C-luciferase or (B) 7-FR-HSV1-TK-luciferase and an EGFP
expression plasmid. Cells were harvested 48 h posttransfection and FACS profiled for EGFP expression to normalize for transfection efficiency,
following which cytoplasmic extracts were prepared and examined for luciferase activity. The bars indicate the relative luciferase activity observed
in each cell line over the activity observed in 293 cells, which was set at 1. The results indicate that HMG1-DBD did not activate transcription from
either reporter plasmid, while HMGA1la-DBD activated transcription to about 20% of the level of wild-type EBNAL for either transcription

reporter plasmid.

against the EBNA1 DBD. EBNA1 was extracted from inter-
phase chromatin at between 100 mM and 200 mM salt, while
HMGA1a-DBD was bound more tightly to interphase chro-
matin and extracted at 400 mM to 800 mM salt from intact
nuclei. The results from this assay clearly indicate that a com-
mon affinity for interphase chromatin does not underlie the
ability of EBNA1 and HMGA1a-DBD to maintain oriP plas-
mids.

Metaphase chromosomal tethering of oriP plasmids is in-
sufficient to activate transcription from oriP. During latent
infection, EBNAI not only serves as a genome maintenance
protein, but also functions as a potent transcriptional activator
of several EBV promoters (16, 36). One such promoter is
found in the BamHI-C EBV fragment that also contains oriP.
Transcription from the BamHI-C promoter has been shown to
be activated by EBNA1 bound to oriP (2, 36). We therefore
tested whether HMGAT1a-DBD could activate the BamHI-C
promoter when bound to oriP. This would permit us to deter-
mine if tethering of oriP plasmids to metaphase chromosomes,
which we have shown to be necessary for oriP maintenance,
was sufficient for EBNAL to activate transcription.

To examine this, 293, 293/EBNA1, 293/ HMGA1a-DBD, and
293/HMG1-DBD cells were cotransfected with the transcrip-
tion reporter plasmid oriP-BamHI-C-luciferase and an EGFP
expression plasmid. At 48 h posttransfection, all cells were
harvested and FACS profiled to normalize for plasmid uptake
on the basis of GFP expression. Normalized extracts were then
used to measure transactivation by EBNA1 and the HMG
fusions. As shown in Fig. 9A, 293/EBNAL cells readily trans-
activated the BamHI-C promoter approximately 27-fold over
background levels. Surprisingly, we observed that despite the
similar ability of EBNA1 and HMGA1la-DBD to maintain oriP
plasmids, HMGA1la-DBD was severely impaired in the ability

to activate transcription from the BamHI-C promoter, with
only approximately a fivefold induction over background lev-
els. Because HMG1-DBD was deficient in any replication or
maintenance function, we expected and found 293/HMGI-
DBD cells incapable of activating transcription from oriP-
BamHI-C-luciferase. Although HMG1-DBD was unable to ac-
tivate transcription from oriP-BamHI-C-luciferase, we did find
that it interfered with the ability of EBNAI to activate tran-
scription from this reporter in a dominant negative manner
(data not shown). This result indicates that this fusion protein
retains the ability to recognize and bind oriP.

Similar results were also found in luciferase assays from cells
transfected with a FR-HSV-1-TK-luciferase reporter contain-
ing only seven EBNA1 binding sites. Figure 9B shows that
EBNALI was less efficient in activating transcription (17-fold
versus 27-fold). As with transcription from the BamHI-C pro-
moter, HMG1-DBD was unable to activate transcription and
HMGA1a-DBD was able to activate transcription only weakly
from a luciferase reporter containing seven EBNA1 binding
sites.

Thus, these experiments indicate that tethering of oriP plas-
mids to metaphase chromosomes is insufficient to activate
transcription by EBNA1 (Fig. 3 and 4 and Table 1).

HMGA1a-DBD cannot activate transcription from an inte-
grated FR-TK-luciferase reporter to the same extent as
EBNA1. We observed that HMGA1a-DBD and EBNAI func-
tioned to similar levels with respect to maintenance but the
former activated transcription from an episomal oriP plasmid
very poorly. This led us to speculate that EBNA1’s ability to
transactivate requires properties besides its ability to tether
oriP plasmids to cellular chromosomes. To determine this, we
examined whether EBNA1 and HMGA1a-DBD could activate
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FIG. 10. Transactivation of an integrated FR-HSV1-TK-luciferase
reporter in BJAB cells by EBNA1 and HMGA1la-DBD. BJAB cells
containing an integrated FR-HSV1-TK-luciferase reporter were elec-
troporated with the control plasmid pcDNA3.1 or expression plasmids
for the EBNA1 DBD, wild-type EBNA1 (EBNA1), or HMGAla-DBD
along with an EGFP expression plasmid. Two days after transfection,
cells were FACS profiled for EGFP expression to normalize for trans-
fection efficiency, following which cytoplasmic extracts were prepared
and examined for luciferase activity. The bars indicate the relative
luciferase activity observed over electroporation of the control plasmid
pcDNA3.1. The results indicate that while EBNA1 could clearly trans-
activate an integrated transcription reporter with EBNA1 binding
sites, HMGA1la-DBD did not transactivate this reporter over and
above any effect of the DBD alone.

transcription from an FR-TK-luciferase reporter that was in-
tegrated in the host chromosome.

For this assay we used BJAB cells containing an integrated
FR-TK-luciferase reporter. Cells were electroporated with
EBNAI or HMGA1la-DBD expression plasmids as well as an
EGFP plasmid. Cells were normalized for transfection effi-
ciency by FACS profiling and then examined for luciferase
expression. This analysis is shown in Fig. 10. After 48 h,
EBNAL1 activated transcription from the integrated reporter
12-fold higher than electroporation with the pcDNA3.1 con-
trol. Interestingly, however, HMGAla-DBD could activate
transcription to levels no higher than the DBD of EBNAI.
Because it could activate transcription, albeit poorly, from an
episomal (Fig. 9) but not an integrated luciferase reporter (Fig.
10), we concluded that oriP retention (maintenance) is the
major mechanism through which HMGA1la-DBD activates
transcription. Furthermore, we concluded that the N terminus
of EBNAL1 possesses transactivation ability beyond its capacity
to retain oriP plasmids in the nuclei of proliferating cells.

DISCUSSION

The latent genome of EBV is maintained as a stable episome
within cells, a process that requires only the viral protein
EBNAL in trans and the viral element oriP in cis. It is postu-
lated that EBNA1 maintains EBV genomes or oriP plasmids in
proliferating cells by tethering them to host chromosomes. The
genome or oriP maintenance activity of EBNA1 requires the
amino-terminal domain of EBNAL that is known to associate
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with chromatin. This association requires two positively charged
regions within the amino terminus that we have termed A
(amino acids 33 to 89) and B (amino acids 328 to 378). Our
mutational analysis (M. Ujihara, J. Sears, and A. Aiyar, un-
published data) indicates that A and B are interchangeable in
function, making it difficult to understand the contributions of
these regions to maintenance in intact EBNAL.

In this study we used fusions between two host chromatin
binding proteins and the DBD of EBNA1 to understand the
nature of chromatin associations required for stable oriP rep-
lication and maintenance. EBNA1 has several properties that
may enable it to mediate maintenance of oriP plasmids. First,
it is a nuclear protein and is found in interphase nuclei (35).
This property may be sufficient to retain oriP plasmids in the
nuclei of proliferating cells. Second, EBNA1 is associated with
interphase chromatin (23) and is salt extracted from interphase
nuclei at 100 mM to 200 mM NaCl (Fig. 8). Third, EBNA1
associates with metaphase chromosomes (25, 32), and this
property may permit tethered oriP plasmids to be retained in
daughter nuclei over multiple cell cycles.

To understand which of these biological properties of
EBNAL is crucial for the long-term replication of oriP plas-
mids, we made fusions between two host cell chromatin bind-
ing proteins, HMGA1la and HMG], to the DBD of EBNAI.
Previously, work by Hung et al. showed that replacing most of
EBNAT1’s amino terminus with either HMGI(Y) or histone H1
resulted in a fusion that could maintain oriP plasmids (20). On
the basis of those findings, we used a similar approach to
determine directly the relevance of metaphase chromosome
association in contributing to EBNA1 function. Like EBNAI,
both HMGA1la and HMG1 are nuclear proteins, associate with
interphase chromatin, and stain interphase nuclei when exam-
ined by indirect immunofluorescence. However, a major dif-
ference between these proteins is that HMG1 does not associate
specifically with metaphase chromosomes, whereas HMGAla
does.

Detailed characterization of the HMGAla-DBD and HMG1-
DBD fusion proteins indicates that they display the same bio-
logical properties as unfused HMGAla and HMG], respec-
tively. Through our analyses, we were struck by the strong
similarity between the mechanism of plasmid maintenance of
HMGA1la-DBD and wild-type EBNAL: replication in 293/
HMGA1a-DBD cells was dependent on the number of binding
sites present within oriP and required DS, and plasmids were
lost at a rate of 3.5% per cell generation, all features common
to cells expressing wild-type EBNAI1. These coincidences
strongly suggest a similar mechanism of plasmid maintenance
by both of these proteins.

HMGA1a binds chromosomes directly via AT hooks (21, 42,
43). We note that there is an AT hook sequence within
EBNALI, and other stretches of sequence that strongly resem-
ble AT hooks are peppered throughout the amino terminus of
EBNAIL. We are currently investigating whether such se-
quences can function as AT hooks and mediate an association
between EBNA1 and host chromosomes.

Because metaphase chromosome association is a major dif-
ference between HMGA1la and HMG1, a lack of functionality
in the chimeric fusion with HMG1 demonstrated that specific
tethering to metaphase chromosomes is crucial for the stable
long-term replication of oriP plasmids (Fig. 3 and 5). It is less
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obvious why oriP plasmids failed to replicate even transiently in
293/HMG1-DBD cells. HMG1 and this fusion protein are lo-
calized to interphase nuclei, especially S-phase nuclei, where
DNA synthesis occurs. The results from the HMGAla-DBD
fusion make it clear that the amino terminus of EBNA1 makes
no contribution to the synthesis of oriP DNA, so it cannot be
argued that critical domains of EBNAI are missing in the
HMG1-DBD fusion protein. However, a more detailed con-
sideration of the licensing model of eukaryotic DNA replica-
tion allows us to hypothesize a reason for the failure of the
HMG1-DBD fusion to support even transient DNA replica-
tion of oriP plasmids.

Akin to chromosomal origins, oriP is replicated once per cell
cycle. Elegant experiments by the groups of Hammerschmidt
and Yates have demonstrated that the ORC proteins associate
with DS (10, 41) and that replication from oriP is minichro-
mosome maintenance (MCM) protein dependent (9). Associ-
ation of MCM proteins with an origin is the licensing event
that allows that origin to fire in the ensuing S phase. Recent
work by Gilbert and coworkers has established that in mam-
malian cells, MCM2 and MCM3 (core components of the
MCM complex) are loaded onto chromatin and therefore
chromosomal origins in late telophase, a stage of mitosis im-
mediately after metaphase (11, 12).

What relevance does this have for the replication of oriP?
Although MCM proteins license replication from oriP, there
has been no demonstration that they are loaded onto oriP via
a direct association with EBNA1. We therefore propose that
EBNAI1 mediates replication from oriP by localizing oriP plas-
mids to metaphase chromosomes, the substrate on which the
MCM complex is loaded; we hypothesize that the MCM com-
plex is also loaded on the associated oriP replicons at the same
time. The loaded MCM complexes allow replication firing
from oriP in the ensuing S phase.

This hypothesis may underscore why HMGA1la-DBD per-
mits efficient replication of oriP, although it is missing the first
450 amino acids of EBNA1. The minimal requirement may be
that the fusion protein is localized to metaphase chromosomes
— the appropriate time when MCM proteins are loaded onto
chromosomes and, by our hypothesis, oriP plasmids. It may
also explain why HMG1-DBD does not permit any oriP repli-
cation despite the fusion’s localization to interphase chroma-
tin. More critically, it does not associate with metaphase chro-
mosomes, thereby preventing the licensed replication of oriP
plasmids. Similarly, this hypothesis allows us to understand
why deleting the chromosome binding domains of EBNA1
results in proteins that are unable to support even transient
replication of oriP plasmids (25, 27). These proteins are likely
crippled in their ability to provide oriP plasmids access to the
licensing machinery.

Others have suggested that the strength with which a cellular
protein binds chromatin will predict its ability to replace the
amino terminus of EBNAI in the maintenance function (20).
Our salt extraction data in Fig. 8 indicate that although
EBNA1 and HMGA1a-DBD have substantially different salt
extraction profiles, they both support long-term replication of
oriP plasmids. Taken together, our results suggest that meta-
phase chromosome association, not chromosome binding af-
finity, is critical to determining EBNAT1’s ability to support
transient or stable replication of oriP plasmids.
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Previous data suggest that the sole function of EBNAL in
transcriptional enhancement is to maintain oriP episomes
within the nucleus, thus making templates for transcription
readily available to the host cell transcriptional machinery (20,
26, 28). A corollary to this hypothesis is that EBNA1 has no
intrinsic transcriptional enhancement ability beyond its capac-
ity to maintain oriP in the nucleus. Our results support an
alternative interpretation from the observation that while
HMGAT1a-DBD can maintain oriP episomes as efficiently as
EBNALI, it activates transcription to approximately 20% of the
level of EBNAI. This suggested to us that EBNAL serves to
activate transcription not only through tethering (mainte-
nance) of oriP to cellular chromosomes but also through some
form of intrinsic transactivation. One apparent discrepancy
between our work and that conducted previously (20) is that
the version of EBNAT1 used in our studies to generate chimeric
fusions lacks the region between amino acids 407 and 450,
which may contribute to transcriptional activation by EBNAL.

The HMGA1la-DBD fusion constructed by us poorly acti-
vates transcription from episomal reporter plasmids, especially
compared to the activation ability of wild-type EBNA1. We
suspected that this residual activation resulted from retention
of episomal transcription templates in the nuclei of transfected
cells. To investigate this further, we examined the ability of
EBNAI and HMGA1a-DBD to activate transcription from an
integrated EBNA1-dependent transcription reporter. In con-
trast to the results of Kang and Kieff (26), we found that
EBNAI could activate transcription from an integrated tran-
scription reporter, coinciding with the results of Kennedy and
Sugden (personal communication). In this assay, which does
not depend on episomal reporter retention in the nucleus of a
transfected cell, we found that HMGA1la-DBD transactivated
an integrated FR-TK-luciferase reporter to levels that were
indistinguishable from those with the DBD alone. Our findings
provide evidence that the N terminus of EBNA1 possesses
transcriptional activation ability that is independent of its abil-
ity to maintain oriP plasmids.
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