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The Epstein-Barr virus (EBV) genome can persist in dividing human B cells as multicopy circular episomes.
Viral episomes replicate in synchrony with host cell DNA and are maintained at a relatively constant copy
number for a long time. Only two viral elements, the replication origin OriP and the EBNA-1 protein, are
required for the persistence of viral genomes during latency. EBNA-1 activates OriP during the S phase and
may also contribute to the partition and/or retention of viral genomes during mitosis. Indeed, EBNA-1 has been
shown to interact with mitotic chromatin. Moreover, viral genomes are noncovalently associated with meta-
phase chromosomes. This suggests that EBNA-1 may facilitate the anchorage of viral genomes on cellular
chromosomes, thus ensuring proper partition and retention. In the present paper, we have investigated the
chromosome-binding activity of EBV EBNA-1, herpesvirus papio (HVP) EBNA-1, and various derivatives of
EBYV EBNA-1, fused to a variant of the green fluorescent protein. The results show that binding to metaphase
chromosomes is a common property of EBV and HVP EBNA-1. Further studies indicated that at least three
independent domains (CBS-1, -2, and -3) mediate EBNA-1 binding to metaphase chromosomes. In agreement
with the anchorage model, two of these domains mapped to a region that has been previously demonstrated to

be required for the long-term persistence of OriP-containing plasmids.

Epstein-Barr virus (EBV) can establish a latent infection in
dividing human B cells. During latency, viral genomes replicate
in synchrony with host cell DNA and only once per cell cycle
(1, 10, 41). The genomes are nearly always maintained as
multicopy, circular episomes (15, 20, 26) although they may
sometimes integrate (8, 13).

Strikingly, EBV-infected B-cell lines maintain relatively con-
stant numbers of episomal copies for long periods (reviewed in
reference 24), which reflects both the replication of the viral
genomes and their efficient partition in daughter cells during
cell division. The replication and stable maintenance of latent
genomes require only two viral elements: the nuclear protein,
EBNA-1 (12, 22), and the latent replication origin, OriP (34,
37, 38). OriP contains multiple copies of an 18-bp EBNA-1
recognition site clustered in two functional elements, namely,
the family repeat and the dyad symmetry element (31). In
addition to its well-known function in DNA replication, several
studies have suggested that EBNA-1 might also facilitate the
retention of viral genomes. Indeed, EBNA-1 interaction with
the family of repeats contributes to the persistence of nonrep-
licating plasmids in human and hamster cells and leads to a
phenomenon known as transient drug resistance (16, 25, 30,
31). However, EBNA-1 nuclear localization and specific bind-
ing to OriP are not sufficient to support efficient retention,
indicating that other, as yet unknown, functions are involved
(25). In this respect, it is important to note that (i) EBNA-1 is
the only EBNA protein that associates with mitotic chromatin
in human and mouse cell lines (9, 21, 27-29) and (ii) there is a
close, but not covalent, association of extrachromosomal EBV
DNA with metaphase chromosomes in various infected B cells
(11). In addition, circularized yeast artificial chromosomes that
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contained OriP have been shown to associate with human
chromosomes in the presence of EBNA-1 (32). Thus, EBNA-1
may play a role in episome maintenance both by activating
their replication and by controlling their anchorage on cellular
chromosomes and their subsequent partition into daughter
cells.

To date, no EBNA-1 domains required for its binding to
metaphase chromosomes have been identified. Here we took
advantage of the bioluminescence properties of a variant of the
green fluorescent protein (EGFP) in mammalian cells to in-
vestigate the interaction of EBNA-1 with human metaphase
chromosomes (4). In agreement with previous studies, it has
been shown that EBV EBNA-1 interacts specifically with hu-
man chromosomes during mitosis. Moreover, this property is
also shared by the EBNA-1 homolog from herpesvirus papio
(HVP). By two different strategies, i.e., the observation of
chromosomes spread on slides and low-light-level fluorescence
microscopy of mitotic living cells, three independent chromo-
some binding sites have been identified, namely, CBS-1, -2, and
-3. Interestingly, CBS-1 and -2 mapped to a region that has
previously been shown to be required for long-term mainte-
nance of OriP-containing plasmids. Taken together, these data
reinforce the hypothesis that EBNA-1 interaction with mitotic
chromosomes is a key determinant of viral episome retention
and/or segregation during mitosis.

MATERIALS AND METHODS

Cell lines. The human epithelial cell line HeLa (ATCC CCL2) was grown in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf serum,
streptomycin (10° Ulliter), vancomycin (0.1 g/liter), and glutamine (2 mM). 26
CB1 is a nonproducing lymphoblastoid cell line carrying HVP (ATCC CRL
1495). 26 CBI1 cells were grown in RPMI 1640 medium supplemented with 10%
fetal calf serum, streptomycin (10° Uliter), vancomycin (0.1 g/liter), and glu-
tamine (2 mM).

Plasmids. pEGFP-CI (Clontech) encoded a variant of the GFP with enhanced
fluorescence (EGFP). It was used to express EBV EBNA-1, HVP EBNA-1, and
the different EBV EBNA-1 derivatives fused to the carboxy terminus of EGFP.
The EBV EBNA-1 coding sequence (amino acids 8 to 641) was obtained from
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pCEP4 (Invitrogen) following digestion with Rsal and MIuNI. After addition of
EcoRI (5") and BamHI (3") linkers, the EBNA coding sequence was cloned into
pEGFP-CI. The resulting plasmid (pEGFP-EBV-EBNA1) was used to generate
the following deletion mutants by PCR with the indicated primers: M1 (E619,
GGTCGTGGACCTCGAGAAAAG; EBamHI, ATCTAGATCCGGTGGATC
CAG), M5 (E234, ATGGACGAGCTGTACAAGTCC; E339, TGCTCCTGCT
CGAGTTCCACCG), M6 (E234; E318, CTCCGGACTCGAGCTCTATG), M7
(E234; E305, CGCCCGGGGCTCGAGGTCTTC), M9 (E306, GGCGGAAGA
CCTCGAGCCCCG; E339), M10 (E312, CATAGAGCTCGAGTCCGGAG;
E339), M15 (E619; E852, CCAGGGATCCAAATCTACTCC), M16 (E360,
CACGGTGGAACTCGAGCAGGA; E702, GCGCCTGGATCCATCACCCT
G), M17 (E360; E656, TTCAAAATAATCGGGATCCCC), M18 (E600, GGA
GCAGGAGCTCGAGGCCGG; E702), M19 (E600; E656), M20 (E600; E391,
GCGCGGTGGGGATCCGGATG), M21 (E600; E361, TCTTTCACGGGATC
CCCCCCT), M22 (E619; E702), M23 (E619; E656), and M24 (E372, GAAAG
AGCTCGAGGGAGAG; E391). M6 dimer contained two M6 inserts cloned in
frame which resulted in the duplication of the region encoding amino acids 8 to
67. M2 was generated by inserting the Sacl-Sacl fragment from pEGFP-EBV-
EBNAT1 into pEGFP-CI. M3 was generated by cloning the Smal-Smal fragment
from pEGFP-EBV-EBNALI into pEGFP-CI. The mutant M4 contained a large,
in-frame deletion, which arose spontaneously during PCR with primers E234 and
E656. M8 was generated by subcloning the Smal-Smal fragment from M6 into
pEGFP-CI. M12 was obtained by replacing the internal XAol/BstXI EBNA-1
fragment from pEGFP-EBV-EBNA1 with the Xhol/BstXI fragment from M3.
M14 was obtained by replacing the internal X01/BstXI EBNA-1 fragment from
pEGFP-EBV-EBNAL1 with the Xhol/BstXI fragment from M16. Inserting the
Xhol-Xhol fragment of M6 into M14 generated M13. Mutant M11, Rand1, and
Rand2 were generated by inserting the following synthetic linkers into pEGFP-
CI: M11.S, TCGAGGGAGACCCCAAAAACGTCCAAGTTGCATTGGCTG
CAAAG; MI11.AS, GATCCTTTGCAGCCAATGCAACTTGGACGTTTTTG
GGGTCTCCC; Randl.S, TCGAGGGGGCAGATGCATTTGCAAACCCCA
ACGTAAAAGTCCAG; Rand1.AS, GATCCTGGACTTTTACGTTGGGGTT
TGCAAATGCATCTGCCCCC; Rand2.S, TCGAGGGATTTGCAAAAGTGG
CCCATGCCCAAGAAAACAAAGAG; and Rand2.AS, GATCCTCTTTGTT
TTCTTGGGCATGGGCCACTTTTGCAAATCCC.

The HVP EBNA-1 coding sequence (amino acids 9 to 476) (HVP EBNA-1)
was generated by PCR from 26 CB1 DNA with primers Papl (GGGCCTCGA
GCGAACAACG) and Pap2 (GGCGGATCCTAACAAGTTAC) and sub-
cloned into pEGFP-CI. The region encoding amino acids 67 to 93 of HVP
EBNA-1 was amplified from 26 CB1 DNA with primers Pap3 (CTGGGATCC
GGTCCCCGCC) and Pap4 (ACCGGATCCTCCTGATGTAC) and subcloned
into pEGFP-CI.

Plasmid DNA was purified with the Qiagen plasmid Maxi kit (Qiagen). DNA
sequencing was performed by automated sequencing by the dideoxynucleotide
chain termination method according to the manufacturer’s recommendations
(ABI Prism dRhodamine terminator cycle sequencing ready mix; Applied Bio-
systems).

Transfections. HeLa cells were grown in 24-well plates until they reached
approximately 80% confluence. Purified plasmid DNA (0.5 pg) and Lipo-
fectamine (2 pl; Life Technologies) were used for each transfection according to
the manufacturer’s recommendations. The DNA-Lipofectamine complex was
overlaid on the cells and incubated at 37°C for 5 h in serum and antibiotic-free
medium. Fetal calf serum was added to a 10% final volume, and the cells were
further incubated for 12 to 16 h. To evaluate the transfection efficiency and
intracellular localization of the fusion proteins, an aliquot of the cells was stained
for 15 min with Hoechst 33342 (1 wg/ml) at 37°C, washed once, and observed
with an inverted fluorescence microscope, either at 365 nm (Hoechst) or at 488
nm (EGFP). A second aliquot was washed in serum-free medium, trypsinized,
washed in sterile 0.9% NaCl, and submitted to flow cytometry analysis (Epics
XL; Coulter).

Western blot analysis. Soluble extracts were prepared from transiently trans-
fected HeLa cells 48 h following transfection. Briefly, the cells were scraped into
culture medium, washed once in ice-cold phosphate-buffered saline (PBS), and
resuspended in 10 packed cell volumes of denaturing lysis buffer (50 mM Tris-
HCI [pH 6.8], 2% sodium dodecyl sulfate [SDS], 2% B-mercaptoethanol). The
cell lysate was pushed 10 times through a 25-gauge needle, incubated for 5 min
in boiling water, and then centrifuged for 15 min at 20,000 X g. Total proteins (20
wg per lane) were separated on SDS-10% polyacrylamide gels as previously
described (17) and transferred on nitrocellulose membranes (Hybond ECL;
Amersham Pharmacia Biotech). EGFP fused proteins were detected with a
1:1,000 dilution of a rabbit serum directed against the GFP (Clontech) and a
1:1,000 dilution of a peroxidase-conjugated anti-rabbit immunoglobulin G poly-
clonal antibody (Amersham Pharmacia Biotech). Detection was performed by
chemiluminescence according to the manufacturer’s recommendations (ECL
Western blotting detection reagents; Amersham Pharmacia Biotech).

Preparation of chromosome spreadings. At 12 to 16 h following transfection,
HelLa cells were washed once in prewarmed culture medium, incubated for an
additional 16 h in the presence of 0.1 ug of colcemid (Sigma) per ml, and then
stained for 15 min with Hoechst 33342 (1 pg/ml) at 37°C. Mitotic cells were then
collected by gentle pipetting, washed once, counted, and resuspended in 0.075 M
KCI. After a 15-min incubation at room temperature, swelling cells were cyto-
centrifuged on slides (500 rpm, 3 min [Cytospin 3; Shandon]). The slides were
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then briefly air dried and immediately observed by epifluorescence microscopy in
the presence of PBS.

Fluorescence microscopy at low light level. HeLa cells were transfected as
described above, trypsinized, and grown on cover slides (diameter, 32 mm;
Bachofer, Reutlingen, Germany) for an additional 12-h period. The cover slides
were then mounted on a thermostat-regulated holder for direct microscopic
observation and epifluorescence measurements, with an objective with a high
numerical aperture, i.e., 100X (numerical aperture = 1.3) ultrafluor objective of
an inverted microscope (Leica; DMIRBE). The cells were then incubated with
Hoechst 33342 (0.1 pg/ml) for 15 min at 37°C, washed once, and placed in the
presence of prewarmed phenol red-free medium. Fluorescent images were ac-
quired with low excitation light levels (a neutral density filter of optical density =
1 was placed on the excitation path) for 20 s. The excitation source was a 50-W
pressure mercury lamp. The detector was a digital, cooled, slow-scan charge-
coupled device camera (S1-8M; Silar Ltd, Electronic Imaging, St. Petersburg,
Russia). The fluorescent image was focused on the charge-coupled device sensor
(1,040 by 1,160 pixels of 16 by 16 pm?) and was digitalized on a dynamic range
of 4,096 grey levels. The digitalized image was further processed as described
previously (6) with Khoros software (Khoral Research, Albuquerque, N.Mex.)
running on a Sun workstation. The images were displayed over 256 grey levels in
false color (blue for Hoechst fluorescence image and green for EGFP fluorescent
image). For Hoechst fluorescence, the excitation wavelength was 365 nm, and the
emission wavelengths were >400 nm. For EGFP fluorescence, the excitation
wavelengths were between 430 and 480 nm and the emission wavelengths were
>500 nm (dichroic filter set L4 from Leica).

RESULTS

EBV and HVP EGFP EBNA-1 are specifically associated
with metaphase chromosomes. Previous studies have sug-
gested that EBNA associates with human and mouse chromo-
somes during mitosis. However, this was demonstrated mainly
by anticomplement immunofluorescence with sera from EBV-
seropositive patients. In addition, these experiments were per-
formed on chemically fixed cells, an approach that may alter
intracellular structures and induce a mislocation of the protein
of interest. To circumvent these drawbacks, an experimental
procedure that did not require any chemical fixative or immu-
nological detection was designed. Briefly, a fragment encoding
amino acids 8 to 641 of EBV EBNA-1 was cloned in frame with
the 3’ end of the enhanced GFP gene. It should be underlined
that deletion of amino acids 1 to 8 does not alter any known
function of EBNA-1 (39). The resulting plasmid, pEGFP-
EBV-EBNALI, was transfected into HeLa cells, and the cellular
localization of EGFP EBV EBNA-1 was determined by fluo-
rescence microscopy on living cells 24 to 36 h following the
transfection. As confirmed by Hoechst counterstaining, EGFP
EBV EBNA-1 was strictly localized to the nucleus and exhib-
ited a rather homogeneous staining, compatible with the local-
ization of the native EBNA-1 protein. Due to its small size and
lack of nuclear localization signal, EGFP alone diffused freely,
both in the cytoplasm and in the nucleus (5) (Fig. 1). To
further investigate EGFP EBV EBNA-1 association with
metaphase chromosomes, transiently transfected HeLa cells
were grown for an additional 16 h in the presence of colcemid
before staining with Hoechst 33342. Mitotic cells were then
selectively collected by gentle pipetting, and their chromo-
somes were subsequently spread on slides and observed by
epifluorescence microscopy in the presence of PBS. As shown
in Fig. 2, the EGFP was localized in the nucleoplasm and was
sometimes excluded from the chromosomes. In most cases, the
protein quickly diffused in the mounting medium, suggesting
that the procedure employed altered the plasma membrane. In
contrast, EGFP EBV EBNA-1 was closely associated with
metaphase chromosomes in this assay. It was thus confirmed
that EBV EBNA-1 specifically binds to mitotic chromatin in
nonfixed human cells.

If EBV EBNA-1 binding to metaphase chromosomes is im-
portant for its function, it might be expected that this activity is
also shared by close homologs, such as the recently cloned and
characterized HVP EBNA-1 (40), from HVP, a simian virus
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FIG. 1. Localization of EGFP (a), EGFP EBV EBNA-1 (b), and EGFP HVP EBNA-1 (c) in HeLa cells. HeLa cells were transfected with plasmids encoding a
variant of the GFP (EGFP) or encoding EBNA-1 from EBV (EGFP EBV EBNA-1) or from HVP (EGFP HVP EBNA-1) fused to EGFP. Following transfections,
cells were grown for 16 h and stained with Hoechst 33342. Cells were observed by fluorescence microscopy in the presence of phenol red-free culture medium either
at 488 nm (EGFP) (a to c) or at 365 nm (Hoechst) (d to f).

related to the EBV. To verify this, a PCR product encoding protein was determined as described above. In these assays,
amino acids 9 to 476 of HVP EBNA-1 was introduced into EGFP HVP EBNA-1 was localized in the nucleus but exhib-
pEGFP-CI. The resulting plasmid (pEGFP-HVP-EBNA1) was ited a less homogeneous staining than that observed for EGFP
transfected in HeLa cells, and the localization of the fusion EBV EBNA-1 (Fig. 1). Depending on the cells, the protein was

FIG. 2. EBV and HVP EBNA-1 bind to human metaphase chromosomes. HeLa cells transfected with plasmids encoding EGFP (a), EGFP EBV EBNA-1 (b), or
EGFP HVP EBNA-1 (c) were treated with colcemid, stained with Hoechst 33342, swollen in hypotonic buffer, centrifuged onto microscope slides, and observed in the
presence of PBS either at 488 nm (EGFP) (a to c) or at 365 nm (Hoechst) (d to f). Whereas EGFP was localized in the nucleoplasm with frequent chromosome
exclusion, EGFP EBV EBNA-1 and EGFP HVP EBNA-1 specifically bound to metaphase chromosomes.



4388 MARECHAL ET AL.

Gly-Gly-Ala repeats 641

DL LT e L e e CeLe I e Y Er bl ]

B e

8
[EGFPJ

] 379-386

L) 450-604

331361 24 [ 372-301
328-365

Nuclear localization signal
Dimerization & DNA binding
Linking [E55] 54-89

8-54 72-84

Chromosome binding

MI
M2

M3
_— M4
—\

M35

M6

M7

M8

M9
M1
M1t
MI2
Mi13
M4
MIS
Ml6
Mi7
MI8
MI19
M20
M21
M22
M23
M24

FIG. 3. Functional map of EBV EBNA-1 and structure of EBNA-1 deriva-
tives fused to EGFP. Several functional domains of EBV EBNA-1 are indicated,
including the nuclear localization signal, dimerization and DNA binding domains
(2), DNA linking regions (23), and the chromosome binding sites described
herein. All EBNA-1 derivatives were fused to EGFP and tested for their ability
to associate with metaphase chromosomes. Their precise sequences as well as
their relative chromosome binding activities are indicated in Table 1.

either concentrated in or excluded from Hoechst-negative re-
gions that were found to be nucleoli (data not shown). Follow-
ing chromosome spreading, EGFP HVP EBNA-1 was found
exclusively in association with human chromosomes (Fig. 2).
These results clearly demonstrate that binding to metaphase
chromosomes is a common property of EBV EBNA-1 and its
homolog in HVP. Consequently, EBNA-1 binding to mitotic
chromatin is likely to be important for its function. Similar
results were obtained following transfection of EGFP EBV
EBNA-1- or EGFP HVP EBNA-1-encoding plasmids in
mouse BALB/C 3T3 fibroblasts (data not shown), suggesting
that the EBNA-1 target is also conserved between human and
mouse cells.

Mapping the EBNA-1 chromosome binding site following
chromosome spreading. Several deletion mutants of EBV
EBNA-1 fused to the EGFP were constructed and tested for
their ability to associate with mitotic chromatin in HeLa cells
(Fig. 3 and Table 1). All fusion proteins localized either in the
nucleus or in both the nucleus and the cytoplasm. Thus, lack of
binding could not be attributed to a specific retention of the
proteins in the cytoplasm. Prior to chromosome spreading,
transfection efficiencies were measured both by flow cytometry
and by conventional fluorescence microscopy and were found
to range reproductively from 20 to 50%, depending on the
plasmid. A Western blot analysis was performed with a serum
directed against EGFP. In this assay, the relative mobility of

J. VIROL.

TABLE 1. Chromosome binding activity of EBNA-1 derivatives
following chromosome spreading and in living cells

% Positive

Binding to Binding in L
Mutant Amino acids chromosome  mitotic living r?ltp tic

spreadings” cells” chilns s
EBNA-1 8-641 + ++ 100
M1 378-641 - - 0
M2 8-487 + ++ 100
M3 57-432 + ++ 100
M4 8-410A95-314 + ++ 100
M5 8-89 + + 100
M6 8-67 - ++ 100
M7 8-54 - + <10
M8 57-67 - - 0
M9 56-89 + + 100
M10 70-89 + ++ 100
Mi1 72-84 + + 100
M12 57-641 + ++ 100
M13 8-641A68-90 - ++ 100
M14 91-641 - + <10
M15 378-606 - - 0
M16 91-456 - + <10
M17 91-410 - + <10
M18 328-456 - ++ 100
M19 328-410 - ++ 100
M20 328-393 - ++ 100
M21 328-365 - ++ 100
M22 378-456 - - 0
M23 378-410 - - 0
M24 370-393 - - 0

“ Binding was observed by fluorescence microscopy in the presence of PBS
following centrifugation of transfected mitotic cells onto microscope slides.

b Transfected HeLa cells were grown on coverslips and observed by fluores-
cence microscopy at a low light level. When binding was observed, the protein
was localized mainly on the chromosomes (++) or localized both on the chro-
mosomes and in the nucleoplasm (+).

¢ For some mutants, binding to metaphase chromosomes could be observed in
only a fraction of transfected mitotic cells.

the fusion proteins following SDS-polyacrylamide gel electro-
phoresis was compatible with the expected mobility of the
full-length proteins, although some minor breakdown products
could also be observed in some cases (Fig. 4). Following trans-
fection and treatment with colcemid, metaphase chromosomes
were spread on slides, briefly air dried, and mounted in PBS as
described above. The binding activity was assessed on an av-
erage of 25,000 cells per slide, which corresponded to between
5,000 and 12,000 transfected cells. All assays were carried out
at least three and up to six times for each mutant.

The results are summarized in Table 1. The N-terminally
truncated mutant, M1, did not exhibit any binding activity,
indicating that the DNA binding-dimerization domain was not
involved in this interaction. In contrast, mutant M2, which
comprised amino acids 8 to 487, bound mitotic chromatin with
the same efficiency as the full-length EBNA-1. Further dele-
tions delineated a chromosome binding site between amino
acids 70 and 89 (M10) (Fig. 5A). Since a deletion spanning
amino acids 68 to 90 (M13) totally abrogated EGFP EBV
EBNA-1 binding activity in these assays, it was initially con-
cluded that EBV EBNA-1 contains a unique chromosome
binding site. In addition, as HVP EBNA-1 also binds to meta-
phase chromosomes, it was assumed that the region in HVP
homologous to amino acids 70 to 89 of EBV EBNA-1 would
also be responsible for chromosome binding. A construct en-
coding EGFP fused to amino acids 67 to 93 of HVP (EGFP-
HVP.67-93) was therefore transfected in HeLa cells, and the
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FIG. 4. Immunoblot analysis of various EBNA-1 mutants fused to EGFP.
Expression of EBNA-1 derivatives fused to EGFP was analyzed by Western
blotting in transiently transfected HeLa cells. In this experiment, HeLa cells were
24 to 28% transfected, as shown by fluorescence-activated cell sorter analysis.
Total proteins were separated by SDS-polyacrylamide gel electrophoresis (20 pg
per lane), transferred on nitrocellulose, and incubated with a rabbit serum
directed against GFP. Detection was performed by chemiluminescence. The
relative mobility of the fusion proteins and the absence of free GFP were
compatible with the absence of major proteolytic degradation, except for mu-
tants M19 and Randl, which showed moderate degradation. Mutant Rand2
(data not shown) and mutant M11, which contained the same amino acids as
Randl1 in a different order, did not show any significant proteolysis. Note that the
average expression level of the various EGFP EBNA-1 derivatives is unrelated to
their ability to associate with metaphase chromosomes.

fusion protein was tested for its ability to bind mitotic chro-
matin. As shown in Fig. 5A, EGFP-HVP.67-93 was able to
interact with human metaphase chromosomes. This raised the
question of whether a conserved set of amino acids was re-
sponsible for EBV and HVP EBNA-1 binding activity. A
search for sequence homologies revealed a short stretch of
highly conserved amino acids, encompassing amino acids 72 to
84 of EBV EBNA-1 (M11) (Fig. 5B). When fused to EGFP
and expressed in HeLa cells, this 13-amino-acid-long region
was sufficient to associate with cellular chromosomes. The
binding was specific, since two mutants containing a random-
ized combination of the same amino acids (Rand1 and Rand2)
did not show any binding activity (Fig. 5). Whereas Randl
partial proteolysis may account for lack of binding, no prote-
olysis was observed for Rand2 in HeLa cells (Fig. 4 and data
not shown). Moreover, a frameshift mutation, which preserved
only amino acids 72 to 78 and amino acid 83, totally abrogated
the binding (data not shown). In this assay, we could thus
identify a unique chromosome binding site localized between
amino acids 72 and 84 of EBV EBNA-1 that specifically asso-
ciated with metaphase chromosomes.

Other domains contribute to EBNA-1 binding in living cells.
The initial identification of a unique N-terminal chromosome
binding site between amino acids 72 and 84 was based on an
experimental approach that may be detrimental to the detec-
tion of weak binding activities, i.e., the analysis of chromo-
somes spread on a slide in the presence of PBS. In particular,
as already discussed, EGFP alone or EBNA-1 derivatives that
did not bind to chromosomes quickly diffused in the mounting
medium. To gain further insight into the modalities of EBV
EBNA-1 interactions with metaphase chromosomes, the local-
ization of EBV EBNA-1 and truncated mutants was investi-
gated in living mitotic cells. For this purpose, HeLa cells were
transfected as described above, grown on cover slides, and
observed in phenol red-free culture medium by fluorescence
microscopy at a low light level. For each mutant, the analysis
was performed on at least 30 transfected mitotic cells, and the
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assays were repeated at least three times for each construct. In
some cases, binding to chromosomes could be detected in only
a fraction of transfected mitotic cells, as indicated in Table 1.
In any cases, we systematically verified that the binding oc-
curred in cells expressing both low and high levels of EGFP
and thus did not depend on the absolute amount of the fusion
protein in a given cell. In addition, the immunoblot analysis
demonstrated that the binding efficiency was not related to the
average expression level of the fusion protein in transiently
transfected HeLa cells.

As expected, EBV EBNA-1 and HVP EBNA-1 specifically
bound to metaphase chromosomes in living cells (Fig. 6). M10
and M11 also bound to chromosomes, although binding ap-
peared to be weaker with the latter mutant. In contrast, no
binding could be observed with Randl and Rand2 (data not
shown). Surprisingly, the CBS-1 deletion mutant (M13) also
bound to metaphase chromosomes in this assay, suggesting
that other domains may contribute to EBV EBNA-1 binding in
vivo.

The results indicated that a second chromosome binding site
(CBS-2) could be localized between amino acids 328 and 365
(M21). In addition, whereas M18 and M19 binding was de-
tected in 100% of transfected mitotic cells analyzed, M16 and
M17 binding was weaker and could be observed in less than
10% of the cells. This suggested that the Gly-Gly-Ala repeats
might exert a negative effect on CBS-2 activity, at least in the
context of the fusion protein.

The region encompassing amino acids 8 to 67 (M6) was also
shown to contain a third chromosome binding site (CBS-3).
The binding was significantly increased for M6 dimer, a mutant
which encoded EGFP fused to two consecutive CBS-3 domains
(data not shown). Deletion of amino acids 55 to 67 dramati-
cally decreased but did not abolish CBS-3 activity (M7). Given
that amino acids 57 to 67 (M8) did not bind to chromosomes,
CBS-3 probably lies between amino acids 8 and 54 but requires
amino acids 55 to 67 for maximal activity. CBS-2- and CBS-3-
containing mutants bound to chromosomes in a specific man-
ner, since their association with chromosomes was observed in
transfected cells expressing low to high levels of the fusion
proteins.

Finally, we noticed that M9 binding activity was much
weaker than that of M10, although it could still be observed in
100% of transfected mitotic cells. This suggested that the re-
gion encompassing amino acids 56 to 69 negatively modulated
CBS-1 activity, whereas it positively contributed to CBS-2
binding in vivo. However, since the relative binding activity of
EBNA-1 derivatives was analyzed by using a fusion protein, it
is not certain that these regions regulate the binding activity of
the native EBNA-1.

CBS-1 does not have any significant amino acid homology
with CBS-2 and CBS-3. In contrast, CBS-2 and CBS-3 have
striking homologies, with amino acids 8 to 54 having more than
53% sequence identity with amino acids 325 to 367. Similarly,
the corresponding regions in HVP EBNA-1 (amino acids 7 to
48 and 144 to 186) have 50% sequence identity. Both CBS-2
and CBS-3 mapped to a basic region that is rich in arginine and
glycine residues. Taken together, these data suggest that
CBS-2 and CBS-3 binding activity is related to the presence of
a common arginine-glycine (RGG)-rich domain, whose mode
of interaction with mitotic chromatin may differ from that of
CBS-1.

DISCUSSION

In the present work, we took advantage of the fluorescence
properties of a variant of the GFP to investigate the chromo-
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72 84
| |
EBV (aa 70-89) VR---RPQK-RPSCIGCKG---THGGT
HVP (aa 67-93) LGPGPRPNKKRRSCVGCKGGSGARGGT
: Hh gk Kk Kk kRAK EE T
M11 -RPQKRPSCIGCKG~-
Randl -GRCICKPQRKSPG-
Rand2 -ICKSGPCPRKQRG~

some binding activity of EBV EBNA-1, HVP EBNA-1, and
various truncated mutants of EBV EBNA-1. Using two distinct
experimental procedures, we have demonstrated that both
EBV and HVP EBNA-1 associate with human mitotic chro-
mosomes. Three independent domains (CBS-1, -2, and -3) that
mediate binding to chromosomes have been identified. CBS-1
activity (amino acids 72 to 84) was detected both in living cells
and following chromosome spreading on slides. CBS-1 was
also shown to associate with chromosomes in a sequence-spe-
cific manner. To our knowledge, CBS-1 is the shortest peptide
known to be able to mediate a specific interaction with cellular
chromosomes during mitosis. In addition to CBS-1, two other
binding sites, namely, CBS-2 and CBS-3, contributed to
EBNA-1 interaction with mitotic chromosomes in vivo. How-
ever, their activity was not detected when chromosomes were
spread on slides and observed in the presence of PBS. This
apparent discrepancy probably reflects a weaker affinity of
CBS-2 and CBS-3 for metaphase chromosomes, compared to
that of CBS-1. In line with this, transient CBS-2 and CBS-3
binding was observed when the mounting medium was com-
plemented by up to 70% glycerol (data not shown). Glycerol is
likely to prevent or limit diffusion in the mounting medium,
and it has also been shown to stabilize protein structure (3) and
to reinforce weak protein-protein interactions (14).

CBS-2 mapped to the central part of EBNA-1, between
amino acids 328 and 365. CBS-3 was localized between amino
acids 8 and 54 but required amino acids 55 to 67 for maximal
activity. CBS-1, -2, and -3 are all rich in basic residues. Notably,
CBS-2 and CBS-3 contain RGG repeats and are highly homol-
ogous. This is of particular interest, since similar RGG motifs
were recently shown to be required for EBNA-2 interaction
with histone H1 (36). However, although EBNA-2 has been
shown to interact with cellular chromatin, it has not previously
been found in association with mitotic chromosomes (28).

Several other viral proteins, including papillomavirus E1 and
E2 proteins and simian virus 40 large T antigen, are known to
interact with histones and/or with cellular chromosomes (7, 18,
33, 35). These proteins share several functional properties,
including their specific requirement for activating viral repli-

FIG. 5. Mapping of CBS-1 following metaphase spreadings. (A) Various
derivatives of EBV and HVP EBNA-1 were tested for their ability to interact
with metaphase chromosomes following transfection and chromosome spreading
on slides. Mutants M10 (a) and M11 (c) associated with metaphase chromo-
somes, whereas Randl (d) and Rand2 (e), two mutants containing random
combinations of M11 amino acids, did not. EGFP-HVP.67-97 (b) encoded the
HVP region homologous to amino acids 70 to 89 of EBV EBNA-1. The same
cells were observed at 365 nm (Hoechst) (f to j). (B) Amino acids (aa) 70 to 89
of EBV EBNA-1 and amino acids 67 to 93 of HVP EBNA-1 contain a short
stretch of highly homologous amino acids (amino acids 72 to 84). Three mutants
containing amino acids 72 to 84 (M11) or random combinations of these amino
acids (Rand1 and Rand2) were constructed and tested for their ability to interact
with metaphase chromosomes.

cation origins. One tempting hypothesis is that they may facil-
itate the initiation of viral DNA replication by displacing his-
tones from the replication origin, as suggested by several
studies (19, 35). Alternatively, their simultaneous interaction
with cellular chromosomes and viral genomes during mitosis
would provide an efficient way to control the segregation
and/or retention of viral episomes, as recently shown for the
bovine papillomavirus (18). Several lines of evidence suggest
that this may be the case for EBNA-1. Indeed it is known that
viral episomes are noncovalently associated with chromosomes
during the metaphase (11), and circularized yeast artificial
chromosomes containing OriP have been shown to interact
with chromosomes in human cells expressing EBNA-1 (32). In
addition, given that EBNA-1 chromosome binding sites are
distinct from the DNA binding-dimerization domain, EBNA-1
could mediate viral episome anchorage on the cellular chro-
mosomes during mitosis, thus ensuring proper transmission to
daughter cells. In this model, deleting one or several chromo-
some binding sites may severely impair the partition of viral
episomes and consequently abrogate their long-term persis-
tence. In agreement with this model, Yates and Camiolo
showed that a large deletion, spanning amino acids 72 to 338
and including CBS-1 and most of CBS-2, resulted in an
EBNA-1 protein that was still able to transiently activate rep-
lication but was unable to ensure long-term maintenance of
OriP-containing plasmids in human cells (39). However, it is
possible that this deletion also affected other functional do-
mains of EBNA-1. Indeed, CBS-1 and -2 map within two
regions that are involved in DNA linking, a function of
EBNA-1 that is thought to be essential for OriP activation
(23). Whether DNA linking and chromosome binding involve
similar functional domains on EBNA-1 has still to be deter-
mined, although our data indicate that the DNA-linking region
that has been localized between amino acids 372 and 391 is not
involved in chromosome binding. It has generally been as-
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FIG. 6. Mapping EBNA-1 chromosome binding sites in living cells. HeLa cells were transfected with plasmids encoding EGFP or various EBNA-1 derivatives fused
to the EGFP protein: EGFP (a), EBV EBNA-1 (b), HVP EBNA-1 (c), M13 (d), M21 (e), M9 (f), M10 (g), M11 (h), M6 (i), and M7 (j). Cells were grown on cover
slides, stained with Hoechst 33342, and observed in phenol red-free medium by low-light fluorescence microscopy either at 430 to 480 nm (EGFP) (a to j) or at 365

nm (Hoechst) (k to t).

sumed that DNA linking is required for early activation of
genome replication and would thus be mainly required during
the S phase of the cell cycle. In contrast, our work and that of
others have proved that EBNA-1 interacts with cellular chro-
matin during the M phase. This would suggest that DNA link-
ing and chromosome binding are not mutually competitive. A
more complete study of EBNA-1 interaction with cellular
chromatin and regulation during the cell cycle is required in
order to validate this model.
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