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Epstein-Barr virus (EBV) EBNA-1 is the only EBV-encoded protein that is essential for the once-per-cell-
cycle replication and maintenance of EBV plasmids in latently infected cells. EBNA-1 binds to the oriP region
of latent EBV plasmids and cellular metaphase chromosomes. In the absence of oriP-containing plasmids,
EBNA-1 was highly colocalized with cellular DNA replication foci that were identified by immunostaining
S-phase cells for proliferating cell nuclear antigen and replication protein A (RP-A) in combination with DNA
short pulse-labeling. For the association of EBNA-1 with the cellular replication focus areas, the EBNA-1
regions of amino acids (aa) 8 to 94 and/or aa 315 to 410, but not the RP-A-interacting carboxy-terminal region,
were necessary. These results suggest a new aspect of latent virus-cell interactions.

The replication of Epstein-Barr virus (EBV) plasmid DNAs
in latently infected cells proceeds once per cell cycle and in
synchrony with cell DNA in latently infected and immortalized
cells such as Burkitt’s lymphoma, nasopharyngeal carcinoma,
and lymphoblastoid cells (44, 47). The EBV nuclear antigen-1
(EBNA-1) protein is the only EBV-encoded protein required
for the replication, retention, and partition of the plasmid
DNA that carries the EBV oriP region with the sequences for
replication and retention (28, 46). EBNA-1 is detected in all
types of EBV-infected cells and is the only EBV protein that is
detected in cells with type I latency (37). Thus, EBNA-1 rep-
resents a nuclear regulatory protein that plays a critical role in
the control of the eukaryotic or metazoan DNA replication.
The EBNA-1 protein homodimer binds directly to the repli-
cation origin region, oriP, of EBV DNA (1, 2, 16, 21, 28).
EBNA-1 binds to several cellular proteins (23, 26, 39, 41, 48)
and to the metaphase chromosomes (24, 30, 34). The binding
of EBNA-1 to metaphase chromosomes is thought to facilitate
the partition of latent EBV plasmids (30).

Studies of the essential but obscure role(s) for EBNA-1 in
the replication and maintenance of latent EBV plasmids would
provide a useful system for investigating the regulation of the
DNA replication in metazoan cells where it has been difficult
to identify the cellular DNA replication origins (10, 33). We
have recently reported that EBNA-1 fused to green fluorescent
protein (GFP-EBNA1) colocalizes with newly replicated re-
gions of interphase chromatin in cells that do not contain EBV
plasmids (22).

The cell line CEW2IN4 stably expressing full-length
EBNA-1 was produced by transfecting the Chinese hamster-
derived epithelial-like cell line CHO-K1 (American Type Cul-
ture Collection) with the EBNA-1-expressing vector pC43 (20,
25). The EBV-negative human B-cell line DG75 was kindly
provided by G. Klein (Karolinska Institute). CHO-K1 cells in
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mitotic phase were released from the dish substratum by shak-
ing and were cultured on glass-bottom dishes for 2 h, and then
aphidicolin (10 pwg/ml) was added. The cells were incubated for
16 h, supplemented with fresh medium, and then incubated for
10 to 30 min, 3 to 4 h, or 7 to 8 h for synchronous early, middle,
or late S-phase cells, respectively. The GFP fusion protein of
EBNA-1 that lacks the Gly-Ala copolymer, designated GFP-
EBNAL, has been described (25). The enhanced GFP (EGFP)
fusion of an EBNA-1 mutant lacking the sequence of amino
acids (aa) 1 to 374 was constructed and designated S(A1-374)
(see Fig. 3A). The two EGFP-EBNA-1 mutant fusions, M4
(containing aa 8 to 94 and aa 315 to 410) and M15 (containing
aa 378 to 606), were kindly provided by V. Marechal (Hopital
Rothschild, Paris, France). For indirect immunofluorescence
antibody analyses, cells were fixed with cold acetone-methanol
(2:1). Antibodies were diluted with phosphate-buffered saline
containing 2.0% bovine serum albumin, 0.2% Tween 20, and
10% glycerol. EBNA-1 was stained with the EBNA-1 rat
monoclonal antibody 2B4-1 or the negative control antibody
KO, which were kindly provided by F. A. Grasser (Universi-
tétskliniken, Homburg, Germany) and Texas red-conjugated
donkey anti-rat immunoglobulin G (IgG) (Jackson). The pro-
liferating cell nuclear antigen (PCNA) mouse monoclonal an-
tibody PC10 (Santa Cruz Biotechnology), Texas red-conju-
gated donkey mouse IgG antibodies (Jackson), or FITC-
conjugated rabbit mouse-IgG antibodies (DAKO) were used
for PCNA staining. The mouse monoclonal antibody against
the p32 (p34) subunit of human replication protein A (RP-A)
(Ab-2) (Oncogene) was used for immunostaining of RP-A.
B-galactosidase (Zymed) mouse monoclonal antibody was
used as negative control in staining for PCNA and RP-A. The
preparation of cell extracts and Western blot analyses were
described previously (23). The following antibodies were used:
EBNA-1 mouse monoclonal antibody OT1x given by Y. Mid-
deldorp (Vrije Universiteit, Amsterdam, The Netherlands),
the PCNA mouse monoclonal antibody PC10 (Santa Cruz Bio-
technology), the GFP rabbit polyclonal antibody (Santa Cruz,
SC8334), the RP-A monoclonal antibodies (Ab-2) (Onco-
gene), and the human lutenizing hormone mouse monoclonal
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FIG. 1. Colocalization of spots of EBNA-1 with PCNA foci and with RP-A foci in S-phase cells. (A) Immunoblots of PCNA in lysates from
DG?75 (lanel), Raji (lane 2), and CEW21N4 (lane 3) cells using the PCNA mouse monoclonal antibody that was used for LSM. (B) Flow cytometry
of GFP-EBNA1-expressing CHO-KI1 cells. The cells were sorted by flow cytometry through dual gating for GFP and for DNA. M1 and M2 indicate
S-phase cells and G,/M-phase cells, respectively. (C) Photomicrographs of GFP-EBNA1 and immunostained PCNA in GFP-EBNA1-expressing
CHO-KI1 cells in S phase, or in the M1 fraction shown in panel B, that had been sorted by flow cytometry. Profiles of two cells of GFP-EBNA1
(al and bl) and PCNA (as and b2), and the merged images (a3 and b3) are shown, respectively. (D) Double immunostaining of native EBNA-1
and PCNA proteins in CEW21N4 cells. Shown are EBNA-1 immunostained using the 2B4-1 anti-EBNA-1 antibody and Texas red-conjugated
donkey anti-rat IgG antibodies (al and bl), PCNA immunostained using an anti-PCNA mouse monoclonal antibody and FITC-conjugated
secondary antibody (a2 and b2), and the merged images (a3 and b3). (E) Photomicrographs of GFP-EBNAI1 and immunostained RP-A in
GFP-EBNA1-expressing CHO-K1 cells in S phase that had been sorted by flow cytometry. Profiles of GFP-EBNALI in two fixed cells are shown
(al, and bl). These cells were immunostained using an anti-RP-A monoclonal antibody and Texas red-conjugated secondary antibody and are
shown in panels a2 and b2, respectively. Merged images of al with a2 and of bl with b2 are shown in panels a3 and b3, respectively.
(F) Coimmunoprecipitation of EBNA-1 and RP-A. Raji cell extracts (310 pl) were incubated with the anti-RP-A mouse monoclonal antibody (lane
1) or with the negative control mouse monoclonal antibody F476-22-5 (lane 2), and the immunoprecipitates were analyzed by Western blot with
the anti-EBNA-1 monoclonal antibody OT1x. The Western blot of EBNA-1 in 15 pl of the Raji cell extracts detected with the antibody OT1x is
shown as a positive control in lane 3.



3826 NOTES

antibody F476-22-5 (Mochida Pharmaceutical Co., Tokyo,
Japan) as a negative control. Cell fractionation was done ac-
cording to the method of Petit et al. (34) using micrococcal
nuclease (Sigma). Confocal laser scanning microscopy (LSM),
premature chromosome condensation (PCC) for live-cell ob-
servation, and Cy3-dUTP pulse-labeling were described previ-
ously (25). For flow cytometry cells were stained with Hoechst
dye 33258, and cells were analyzed with a FACS Vantage SE
analyzer (Becton Dickinson). GFP-EBNA1-expressing cells
were sorted by flow cytometry through dual gating for GFP and
for DNA content per cell.

A GFP-EBNAL protein of 84 kDa was expressed in the
absence of EBV plasmid DNAs in the CHO-K1 cell lines, in
which chromosomes are clearly visible because of their small
number (22). In this study, the interaction of EBNA-1 with
components of replication foci was examined.

PCNA, a homotrimeric clamp at replication forks that has
been well-studied by microscopic observations in CHO cells, is
a widely used marker for replication foci (4-6, 27, 29, 36).
GFP-EBNA1-expressing CHO-K1 cells were sorted by fluo-
rescence-activated cell sorter, fixed, and immunostained for
PCNA, using PCNA monoclonal antibody (Santa Cruz), which
showed a single major band of PCNA in Western blots of
CEW21IN4, DG75, and Raji cells (Fig. 1A, lanes 1 to 3). The
confocal microscopy analyses of PCNA and GFP-EBNALI in
the S-phase cells (Fig. 1B, M1 fraction) suggested that GFP-
EBNALI highly colocalized with PCNA foci (Fig. 1C). The
PCNA foci were not observed in the G,- and M-phase cells
(Fig. 1B, M2 fraction) (data not shown). We also examined the
colocalization of the nonfused full-length EBNA-1 with PCNA
in CEW21IN4 cells by a double indirect immunofluorescence
method, using the EBNA-1 and PCNA monoclonal antibodies.
The merged images show that the full-length EBNA-1 protein
also colocalizes with the PCNA foci (Fig. 1D). EBNA-1 and
PCNA proteins, however, were not coimmunoprecipitated from
Raji cell extracts using the anti-EBNA-1 antibody OT1x or the
anti-PCNA mouse monoclonal antibody (data not shown).

RP-A (hSSB) is another constituent of the cellular replica-
tion machinery (42) that exists in a soluble and chromatin-
bound form in the nuclei (12). A high degree of colocalization
between RP-A and PCNA at replication foci throughout S
phase has been reported (12, 14). Confocal LSM showed
that GFP-EBNAL1 also colocalized with foci of RP-A in GFP-
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EBNAIl-expressing S-phase CHO-K1 cells sorted by fluores-
cence-activated cell sorter (Fig. 1E). We next examined wheth-
er EBNA-1 bound RP-A by coimmunoprecipitation of cell
lysates. RP-A was minimally coimmunoprecipitated with
EBNA-1 from Raji cell extracts using the EBNA-1 monoclonal
antibody OT1x (data not shown). EBNA-1 was clearly coim-
munoprecipitated with RP-A from the Raji cell extracts using
an RP-A mouse monoclonal antibody (Fig. 1F).

We pulse-labeled cellular DNAs in synchronously growing
CHO-K1 cells in early (10 to 30 min), middle (3 to 4 h), and
late (7 to 8 h) S phase with Cy3-dUTP (Fig. 2A). Patterns of
Cy3-dUTP-labeled foci on the chromatin in the fixed cells
varied throughout the nucleus. Foci that were typical of early S
phase, i.e., DNA labeling patterns 1 and 2, as described in
CHO cells by O’Keefe et al. (32), are shown in Fig. 2A, panels
a. Middle S-phase foci that are larger, more discrete, and large
patches or elongated areas, i.e., patterns 2 or 3, are shown in
Fig. 2A, panels b. The foci that are larger in size and fewer in
number, which are typical of late S phase or patterns 3, 4, and
5, are shown in Fig. 2A, panels c. Foci of PCNA colocalized
precisely with the Cy3-dUTP-pulse-labeled foci as expected
(Fig. 2B), confirming that the spots of PCNA or of pulse-
labeled DNAs presented above are replication foci. In the cells
that had been synchronized in early and middle S phase, many
GFP-EBNAL1 foci colocalized with both the Cy3-dUTP-labeled
replication foci and the PCNA-immunostained replication foci
(Fig. 2C, panels a, b, and c). We further examined whether
nontagged full-length EBNA-1 showed the same colocalization
profiles. In CEW21IN4 cells that had been synchronized in
early S phase, full-length EBNA-1 foci also colocalized with
PCNA replication foci (Fig. 2C, panels d).

The mutant S(A1-374), which is deficient in binding to mi-
totic chromosomes (Fig. 3A; Fig. 3C lanes 11 and 14), and the
M15 mutant (Fig. 3A; Fig. 3C, lanes 10 and 13) were both
distributed in a diffuse fashion in the nuclei of synchronously
cultured S-phase cells, in contrast to GFP-EBNAL1 (Fig. 3B,
panels a and b). By contrast, the mutant M4 (Fig. 3A; Fig. 3C
lanes 9 and 12), appeared in the forms of spots and colocalized
with the foci identified by Cy3-dUTP-pulse-labeling (Fig. 3B,
panels ¢ and d) and PCNA immunostaining (data not shown),
in synchronously cultured early and middle S-phase cells as
well as GFP-EBNAL. These results indicate that the localiza-
tion of GFP-EBNAL on cellular replication foci requires the

FIG. 2. GFP-EBNALI colocalized with replication foci identified by Cy3-dUTP pulse-labeling and immunostaining for PCNA in early-middle
S phase. (A) LSM profiles of Cy3-dUTP-pulse-labeled replication foci in synchronously cultured fixed CHO-K1 cells in early (al), middle (b1), and
late (c1) S phase during the replication cycle. The merged images of the profiles of the Cy3-dUTP-labeled foci and Hoechst dye-stained DNAs
are shown in panels a2, b2, and c2, respectively. (B) Confocal LSM profiles of Cy3-dUTP (al and b1), PCNA (a2 and b2), and the merged images
(a3 and b3) of two different CHO-K1 cells that had been synchronously cultured, Cy3-dUTP pulse-labeled, acetone-methanol fixed, and then
immunostained for PCNA using the anti-PCNA mouse monoclonal antibody and the FITC-conjugated rabbit anti-mouse IgG antibodies are
shown. The cell shown in panels al, a2, and a3 is in early S phase, and the other one shown in panels bl, b2, and b3 is in middle S phase.
(C) Confocal LSM profiles of GFP-EBNA1, Cy3-dUTP pulse-labeling, and the merged image of living GFP-EBNA1-expressing and synchronously
cultured early-middle S-phase CHO-K1 cells. Shown are profiles of GFP-EBNALI (al), Cy3-dUTP pulse-labeling (a2), and the merged image (a3)
and the Nomarski image (a5) of a living GFP-EBNA1-expressing and synchronously cultured early S-phase cell. The white spots selected by the
LSM150 colocalization option indicate those in which the intensities of GFP-EBNA1 (green) and Cy3-dUTP (red) were both high (a4). The images
in panels b show a middle-S-phase cell: GFP-EBNAL1 (b1), Cy3-dUTP pulse-labeling (b2), and the merged image (b3) and the Nomarski image
(b4). To the right of panel b4 is a graph drawn by the LSM510 profile option along the magenta arrow (b3), which shows the direction of profile.
Also shown are profiles of GFP-EBNA1 (c1), PCNA (c2), and the merged image (c3) in a synchronously cultured early-S-phase GFP-EBNA1-
expresssing cell and profiles of nontagged full-length EBNA-1 immunostained with the monoclonal antibody 2B4-1 (d1), PCNA (d2), the merged
image (d3), the merged image overlapped with Hoechst dye 33258 profile (d4), and the Nomarski image (d5) in a synchronously cultured
early-S-phase CEW21N4 cell.



VoL. 77, 2003 NOTES 3827

A

al

Distance { gm)

GFP-EBNA1 PCNA Merged
c2

EBNAT PCNA




3828 NOTES

i 90

J. VIROL.

EBNA-1 l l

Gly-Gly-Ala repeats

327 NLS 641 aa

l | |

GFP-EBNA1 GEP T T iad

S(A1-374)
M15

8 94
M4 GFP

RP-A binding

S(A1-374) Cy3-dUTP

Merged

375 641
378 606

GFP
GFP
315 410

441-64 1 I

Cy3-dUTP
b2

Merged

EBNA-1 regions of aa 8 to 94 and/or aa 315 to 410, but not the
region aa 441 to 641, which was shown to interact directly with
RP-A (48).

GFP-EBNAL1 was recovered in the interphase histone-con-
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taining chromatin fractions that were identified on Western
blots using a histone monoclonal antibody (Chemicon) (7)
(Fig. 3C, lanes 1 to 8). In contrast to GFP-EBNAI, the M15
mutant that did not colocalize with cellular replication foci was
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FIG. 3. Expression of GFP-EBNAI and the GFP-EBNA1 mutant proteins and LSM photographs of their localization profile and colocalization
with Cy3-dUTP labeled foci. (A) Constructs of GFP-EBNAI, S(A1-374), M4, and M15. The domain of EBNA-1 that is essential for interaction
with RP-A (48) is depicted on the bottom. (B) Confocal LSM profiles of S(A1-374) (al), Cy3-dUTP pulse-labeling (a2), and their merged image
(a3), and those of M15 (bl), Cy3-dUTP pulse-labeling (b2), and the merged image (b3) in living CHO-KI1 cells expressing the GFP-EBNA1
mutants in S phase. Also shown are confocal LSM profiles of M4 (c1), Cy3-dUTP pulse-labeling (c2), and their merged image (c3) in a cell
synchronously cultured in early S-phase. Also shown are the white spots containing high intensities of both GFP-EBNA1 (green) and Cy3-dUTP
(red) selected by the LSM510 colocalization option (c4) and the Nomarski image (c5). Similar profiles of M4 (d1), Cy3-dUTP pulse-labeling (d2),
and the merged image (d3) in a synchronously cultured middle-S-phase cell are also shown. Also shown are the images of the cell shown in panel
d3 at serial focal planes through the nucleus vertically from the bottom to the top at 1.0 wm (d3-1 to d3-5), the white spots of high intensities of
both GFP-EBNAL1 and Cy3-dUTP selected by the colocalization option (d4), and the Nomarski image (d5); a graph drawn by the profile option
along the horizontal arrow (d3) is also shown on the right. (C) Immunoblots of cell extracts and fractions from GFP-EBNA1-expressing DG75 cells
using the EBNA-1 monoclonal antibody 0T'1x are shown: cytoplasmic (lane 1), nucleoplasmic (lane 2), chromatin (lane 3), and nuclear matrix (lane
4) fractions. Also shown are immunoblots of the same cell extracts using 15% polyacrylamide gel containing sodium dodecyl sulfate and the histone
monoclonal antibody; cytoplasmic (lane 5), nucleoplasmic (lane 6), chromatin (lane 7), and nuclear matrix (lane 8) fractions. Shown separately are
immunoblots of M4 (lanes 9 and 12), M15 (lanes 10 and 13), and S(A1-374) (lanes 11 and 14) in extracts from cells expressing the GFP-EBNA1
mutant fusion proteins using the EBNA-1 monoclonal antibody OT1x (lanes 9 to 11) and the GFP rabbit polyclonal antibody (lanes 12 to 14), and
immunoblots of M15 in cytoplasmic (lane 15), nucleoplasmic (lane 16), chromatin (lane 17), and nuclear matrix (lane 18) fractions using OT1x.
(D) LSM profiles of S(A1-374), M15, and M4 in living interphase cells in which chromatin had been prematurely condensed by incubating the cells
in the presence of calyculin A at 37°C for 60 min are shown in panels al, b1, and cl, respectively. DNA profiles of these cells that were stained
with Hoechst dye 33258 before the confocal LSM are shown in panels a2, b2, and c2, respectively. The merged images are shown in panels a3, b3,
and c3, respectively. Graphs drawn by the LSM510 profile option along the magenta arrows that show the direction of profile (a3, b3, and c3) are
shown in panels a4, b4, and c4, respectively.

not detected in the interphase chromatin fraction (Fig. 3C, chromatin (Fig. 3D). These results indicate that the domain
lane 17). To confirm these results, taking into consideration that is essential for EBNA-1 colocalization with replication
the well-known difficulty of biochemically isolating intact chro- foci and the one that is required for binding to interphase
matin (9), we performed chemical PCC, which is calyculin chromatin are both located in aa 8 to 94 and/or aa 315 to
A-induced condensation of interphase chromatin (22). We re- 410.

cently have shown that the GFP-EBNAI protein binds to in- The key findings in this report are that EBNA-1 colocalizes
terphase chromatin by the PCC method (22). Neither the M15 with the microscopically detected cellular replication foci or
nor the S(A1-374) mutant protein was associated with prema- replication factories (8, 10, 19, 20, 27, 31), in the absence of
turely condensed interphase chromatin, whereas the M4 mu- EBV plasmids. This colocalization depends on the EBNA-1

tant protein was associated with the prematurely condensed region that includes the domains essential for interactions with
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p32 (41), EBNA1-binding protein 2 (EBP2) (39) and mitotic
chromosome (30), and the domain for transactivation (35, 45).

EBNALI proteins were highly colocalized with the PCNA
foci in S-phase cells in the absence of oriP plasmid (Fig. 1).
Replication foci containing PCNA are detected only in S phase
(11-13, 27) and are heterogeneous during their lifetime (27).
Although we have shown that EBNAI colocalizes with PCNA
in cellular replication foci, EBNA-1 was not coimmunoprecipi-
tated with PCNA. This is in agreement with the report that
human PCNA does not interact with the C-terminal 200 aa of
EBNA-1 (48).

The RP-A heterotrimeric complex stabilizes the single-
stranded DNA and is required at the replication fork (40).
RP-A interacts with simian virus 40 T-antigen and the E2
protein of bovine papillomavirus (17), both of which share
some structural and functional similarity with EBNA-1 (16). A
surface plasmon resonance study (48) showed that the carboxyl
region (aa 441 to 641) of EBNA-1 interacted directly with the
70-kDa subunit of RP-A. The results in this study have sug-
gested that EBNA-1 colocalizes, and possibly interacts, with
RP-A in cellular replication foci. However, the confocal LSM
of the EBNA-1 mutants has suggested that the RP-A-interac-
tion domain of EBNA-1 is not necessary for the colocalization
with cellular replication foci.

Another EBNA-1-interacting cellular protein, EBP2, is im-
portant for stable segregation of EBV plasmids (39, 43), but
EBP2 is not necessary for the replication of EBV episomes (39,
43). EBNA-1 has recently been shown to be associated with the
origin recognition complex in vivo (38). EBNA-1 may colocal-
ize with cellular replication foci through possible interaction
with prereplication complexes (3) that contain the origin rec-
ognition complex.

Given the oriP-binding property of EBNA-1 (15, 16, 18, 21,
44) and the colocalization of EBNA-1 with oriP plasmids in the
form of dots in the nuclei (25), the EBNA-1 proteins concen-
trated at cellular replication focus areas might bring EBV
plasmids close to the cellular active replication sites and facil-
itate the replication and maintenance of EBV plasmids in
concert with cellular DNAs and under the strict control of the
cell cycle. Thus, the association of the EBNA-1 with the cel-
lular DNA replication focus area in the absence of the viral
plasmids suggests a new strategy for the long-lasting virus-cell
interactions.
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