










(Fig. 6). As expected, GFP alone did not bind to human mitotic
chromosomes, while full-length human EBP2 fused to GFP
(GFP-human EBP2) did, giving a staining pattern very similar
to that of endogenous human EBP2 (46) (Fig. 6). When indi-
vidual human EBP2 domains were fused to GFP, the middle
domain but not the N- or C-terminal domain was found to
associate with the mitotic chromosomes, as did human EBP2
fragments containing the middle domain in combination with
the N- and C-terminal domains. More than 15 different chro-
mosome spreads were examined for each fusion protein, with
consistent results. The results indicate that the middle coiled-
coil domain of human EBP2 is responsible for attachment to
human chromosomes in mitosis, as it is in S. cerevisiae.

Functional differences between yeast EBP2 and human
EBP2. Yeast EBP2, the yeast homologue of human EBP2,
plays an essential role in ribosome biogenesis and, like human
EBP2, resides in the nucleolus (8, 15, 44). Yeast EBP2 is highly
homologous to human EBP2 throughout the central and C-

terminal domains but contains a nonessential N-terminal ex-
tension that is not present in human EBP2 (for an alignment of
yeast and human EBP2 sequences, see reference 40), resulting
in a larger N-terminal domain than that of human EBP2 (Fig.

FIG. 5. Middle coiled-coil domain of human EBP2 binds yeast
mitotic chromosomes. Mitotic chromosome spreads from S. cerevisiae
expressing human EBP2 (hEBP2) or human EBP2 domains fused to
21K were prepared as in Fig. 2. The spreads were stained with antibody
against 21K, counterstained with DAPI, and observed by immunoflu-
orescence microscopy.

FIG. 6. Middle coiled-coil domain of human EBP2 binds human
mitotic chromosomes. GFP, GFP fused to human EBP2 (GFP/
hEBP2), and GFP fused to human EBP2 fragments 1 to 100 (GFP/N),
95 to 220 (GFP/M), 220 to 306 (GFP/C), 1 to 220 (GFP/NM), and 95
to 306 (GFP/MC) were tested for their ability to bind mitotic chromo-
somes in HeLa cells. The mitotic chromosomes were visualized with
DAPI, and the localization of GFP-containing proteins was deter-
mined by fluorescence microscopy. Images were captured with similar
exposure times.

VOL. 77, 2003 MECHANISM OF EBNA1-MEDIATED PLASMID SEGREGATION 6951

 on M
ay 17, 2021 by guest

http://jvi.asm
.org/

D
ow

nloaded from
 



FIG. 7. Plasmid segregation assays with yeast EBP2 fusion proteins. (A) Schematic representation of yeast EBP2 (yEBP2) and yeast EBP2-
based fusion proteins (F1 to F5). The middle region (M) of yeast EBP2 corresponds to human EBP2 (hEBP2) residues 95 to 220. F2, F1, F3, and
F4 are fusion proteins containing full-length yeast EBP2 or yeast EBP2 amino acids 1 to 347, 179 to 347, and 179 to 427, respectively, fused to the
EBNA1-binding domain of human EBP2 (hEBP2220-306). F5 contains the middle region of yeast EBP2 (residues 232 to 358) fused to an NLS and
the 21K fragment of EBNA1. (B) The ability of human EBP2 (positive control), yeast EBP2 (negative control), and EBP2 fusion proteins F1
through F4 to bind EBNA1 was determined in a yeast two-hybrid assay, where activation of a HIS3 reporter gene indicated an interaction. Dilutions
of the two-hybrid assay cultures were grown on plates containing histidine (left panel) or lacking histidine and containing 50 mM aminotriazole
(right panel). (C) Plasmid loss assays as described for Fig. 3 were conducted to determine the loss of YRp7FR in the presence of EBNA1 and
human EBP2, yeast EBP2, or EBP2 fusion proteins F1 to F4. YRp7FR plasmid loss assays are also shown for F5 and human EBP2 alone.
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7A). Like that of human EBP2, the central region of yeast
EBP2 is predicted to be a coiled-coil domain (40). While yeast
EBP2 and human EBP2 likely fulfill the same cellular func-
tions, yeast EBP2 does not detectably interact with EBNA1 in
S. cerevisiae (19) (Fig. 7B), and neither endogenous yeast
EBP2 nor yeast EBP2 overexpressed from a plasmid could
functionally replace human EBP2 in EBNA1-mediated plas-
mid segregation assays (Fig. 7C).

To gain insight into what properties of human EBP2 were
important for its ability to function with EBNA1 to partition
plasmids, we took a domain-swapping approach with yeast
EBP2. We reasoned that if the failure of yeast EBP2 to support
EBNA1-mediated plasmid partitioning was due solely to its
inability to bind EBNA1, the addition of the EBNA1-binding
domain of human EBP2 to yeast EBP2 should enable yeast
EBP2 to function with EBNA1 to partition plasmids. To test
this hypothesis, we constructed fusion proteins containing ei-
ther full-length yeast EBP2 or the yeast EBP2 N-terminal and
middle domains fused to the C-terminal domain of human
EBP2 (F2 and F1, respectively, in Fig. 7A). We also con-
structed fusion proteins F3 and F4 by removing the first 178
amino acids from F1 and F2, respectively (Fig. 7A). These
were constructed in case the extended N terminus of yeast
EBP2, which is not present in human EBP2, interfered with the
ability of F1 and F2 to mediate plasmid partitioning.

The ability of the F1 to F4 fusion proteins to bind EBNA1
was tested in a yeast two-hybrid assay, where F1 to F4 were
expressed fused to the GAL4 activation domain and EBNA1
was expressed fused to the GAL4 DNA-binding domain. Ac-
tivation of a HIS3 reporter gene under the control of GAL4
binding sites was then measured by the ability of the S. cerevi-
siae cells to grow on plates lacking histidine and containing
aminotriazole. As shown in Fig. 7B, the F1, F2, F3, and F4
fusion proteins bound EBNA1, resulting in growth on the
plates equivalent to that seen with the human EBP2-EBNA1
positive control. However, when tested in the plasmid loss
assay, none of these fusion proteins supported the segregation
of YRp7FR when coexpressed with EBNA1 (Fig. 7C). This
indicated that EBNA1 binding is not the only functional dif-
ference between human and S. cerevisiae EBP2 and that the
properties of either the middle domain or the remaining por-
tion of the N-terminal region of yeast EBP2 (in F3 and F4)
were not suited for plasmid partitioning by EBNA1.

Since we had shown that the middle coiled-coil domain of
human EBP2 was crucial for plasmid partitioning and parti-
tioned plasmids when fused to 21K, we tested whether the
equivalent middle coiled-coil domain of yeast EBP2 would
function to partition plasmids when fused to 21K. According to
sequence alignments, amino acids 95 to 220 of human EBP2
(which were functional for partitioning when fused to 21K)
correspond to amino acids 232 to 358 of yeast EBP2 (40), and
therefore this yeast EBP2 fragment was fused to 21K through
an NLS to generate the F5 fusion protein (Fig. 7A). The
expression of F5 was confirmed by Western blot (data not
shown), and this protein was tested for its ability to partition
YRp7FR in the plasmid loss assay (Fig. 7C). Unlike the human
EBP2 M-21K construct (Fig. 4), F5 did not support the stable
segregation of YRp7FR, indicating that there is an important
functional difference in the middle coiled-coil domains of hu-
man and yeast EBP2.

To gain insight into the differences in the yeast EBP2 and
human EBP2 middle domains that would affect their ability to
support plasmid partitioning, we examined the localization of
all of the yeast EBP2-based fusion proteins both in whole yeast
cells and on mitotic chromosome spreads. Immunofluores-
cence microscopy on whole yeast cells from a log-phase culture
showed that yeast EBP2 (whether endogenous or overex-
pressed from a plasmid) and the F1 to F5 fusion proteins were
localized to the nucleolus, giving staining patterns similar to
that of the NOP1 nucleolar marker (Fig. 8, left panel). The
results with yeast EBP2 are consistent with the nucleolar lo-
calization of this protein reported previously (15, 44). Immu-
nofluorescence microscopy of mitotic chromosome spreads
prepared from S. cerevisiae expressing yeast EBP2 or the yeast
EBP2 fusion proteins revealed that all of these proteins were
bound to the chromatin at regions that did not stain well with
DAPI but did stain with the Nop1 antibody (Fig. 8, right
panel), indicating that these proteins bind chromatin in the
nucleolar region. Very little or no association of the yeast
EBP2 proteins was detected with nonnucleolar DNA. These
results indicate that yeast EBP2 and yeast EBP2 fusion pro-
teins only associate with a very localized portion of the mitotic
chromosome mass (which corresponds to the nucleolus) and
that the yeast EBP2 middle coiled-coil domain is sufficient for
the nucleolar localization and chromatin attachment. This pat-
tern of chromosome attachment differs from that of human
EBP2 and human EBP2 middle domain-containing proteins,
which exhibit much more extensive staining over the mitotic
chromatin (Fig. 2). The results suggest that chromosome at-
tachment that is limited to the nucleolar region is not sufficient
for EBNA1-mediated plasmid partitioning and that the
spreading of human EBP2 over the chromatin mass in mitosis
is important for its ability to support plasmid segregation by
EBNA1.

DISCUSSION

Our previous studies revealed that human EBP2 is required
for EBNA1 to partition EBV-based plasmids in S. cerevisiae,
suggesting an important role for human EBP2 in EBV segre-
gation in human cells (19). In the present study, we demon-
strated that human EBP2 causes EBNA1 to attach to yeast
chromosomes. This attachment is limited to chromatin in the
nucleolus in G1 but occurs over much of the chromatin mass in
mitosis. We also demonstrated that the attachment of EBNA1
over the mitotic chromosomes is a requirement for plasmid
partitioning by EBNA1, indicating that this is the essential
contribution of human EBP2 to partitioning. The most likely
reason why human EBP2 is required for EBNA1 to attach to
the chromosomes is that human EBP2 tethers EBNA1 to the
chromosomes. A tethering model is supported by the observa-
tions that human EBP2 and EBNA1 physically interact (40),
the EBNA1-binding region of human EBP2 and the human
EBP2-binding region of EBNA1 are required for the two pro-
teins to work together to partition plasmids (19), and human
EBP2 and EBNA1 colocalize on the yeast chromosomes.

Previously, we mapped the EBNA1-binding domain of hu-
man EBP2 to C-terminal amino acids 220 to 306 (19), and in
the present study we have demonstrated that the middle region
of human EBP2 (amino acids 95 to 220), which corresponds to
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a putative coiled-coil domain, is responsible for chromatin
attachment in mitosis. It is not yet clear how this domain
attaches to the chromosomes, but for the following reasons, we
believe that it is likely to attach through a protein component
of the chromosomes rather than binding directly to the DNA.
First, the interaction of human EBP2 with chromatin is more
extensive in mitosis than G1, when the DNA should be less
accessible. Second, the chromosome attachment region of hu-
man EBP2 corresponds to a predicted coiled-coil domain, and
coiled-coil domains in other proteins mediate protein interac-
tions (reviewed in reference 2). Since coiled coils tend to in-
teract with other coiled coils, human EBP2 may attach to
chromosomes by binding to a coiled-coil chromosomal protein.

All of the data indicate that EBNA1-mediated plasmid seg-
regation in our reconstituted yeast system reflects that which
occurs in human cells. We previously demonstrated that the
two segregation systems have the same requirements for the
FR element and EBNA1 and are affected to the same degree
by mutations in EBNA1 that disrupt or decrease human EBP2
binding (19, 47). A large body of evidence on the segregation

of EBV episomes and EBV-based plasmids in human cells
indicates that segregation occurs by the EBNA1-mediated
tethering of these molecules to the cellular mitotic chromo-
somes. Our present data indicate that this same segregation
mechanism is occurring in our reconstituted yeast system.
Since human EBP2 is required for EBNA1 to attach to yeast
chromosomes, it is likely that human EBP2 also fulfills this role
for EBV segregation in human cells. Unfortunately, the re-
quirement for human EBP2 for plasmid partitioning in human
cells cannot easily be tested, since it is expressed in all prolif-
erating cells and is essential for cell viability (8, 15).

The data obtained in both yeast and human cells point to a
model for EBV segregation that is likely to be true in both cell
systems. In this model, human EBP2 interacts with mitotic
chromosomes through its coiled-coil domain (amino acids 95
to 220) and interacts with EBNA1 through its C-terminal do-
main (amino acids 220 to 306). EBNA1 interacts with human
EBP2 through amino acids 325 to 376 and binds to the FR
element in the EBV episome or plasmid via its DNA-binding

FIG. 8. Nucleolar localization of yeast EBP2 and yeast EBP2-based fusion proteins. Log-phase yeast cells (left panel) and spreads of yeast
mitotic chromosomes (right panel) are shown for S. cerevisiae expressing endogenous yeast EBP2 (yEBP2), overexpressed yeast EBP2 (yEBP2
O/E), or a yeast EBP2-based fusion protein (F1 to F5). Cells and chromosome spreads were stained for the EBP2 proteins and for Nop1 (as a
nucleolar marker) and counterstained with DAPI. Images were captured by immunofluorescence microscopy under identical conditions.
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and dimerization domain (amino acids 452 to 607), thus teth-
ering the plasmid to host chromosomes.

In addition to the 325 to 376 region of EBNA, two other
EBNA1 sequences (amino acid 8 to 54 and 72 to 84) have been
shown to bind mitotic chromosomes when excised from
EBNA1 (33). Subsequent deletion analysis of EBNA1 showed
that the 8 to 54 region modestly enhanced plasmid partition-
ing, mitotic chromosome binding, and human EBP2 binding by
EBNA1, suggesting that it stabilizes the interaction of the 325
to 376 region to human EBP2 (47). Deletion of the 72 to 84
sequence within EBNA1, however, had no detectable effect on
plasmid partitioning, chromosome binding, or human EBP2
binding (47). While it is not clear how the excised 72 to 84
peptide bound mitotic chromosomes, there is presently no
evidence that this interaction has any functional consequences.

In human cells, human EBP2 is localized to the nucleolus in
interphase but binds throughout the chromosomes during mi-
tosis. Such behavior has been observed for several nucleolar
proteins, in particular those involved in rRNA processing,
which is likely to be the cellular function of human EBP2 (14,
15, 44). In human cells, the nucleolus breaks down in mitosis,
and some nucleolar proteins associate with the surface of the
chromosomes, ensuring equal partitioning between dividing
cells (14). How the relocalization of these proteins is triggered
is not known. In S. cerevisiae, cell cycle-dependent nucleolar
alterations are much less extensive, and most yeast nucleolar
proteins (including yeast EBP2) remain in the nucleolus during
mitosis (11). Given these fundamental differences in the nu-
cleolus in human and yeast cells, we were interested in deter-
mining whether human EBP2 retained the ability to relocalize
in mitosis when expressed in S. cerevisiae. Interestingly, we
observed that human EBP2 exhibited similar cell cycle-depen-
dent relocalization in S. cerevisiae as in human cells, in that
human EBP2 associated only with the nucleolar portion of
yeast chromatin during G1 but bound all over the chromatin
during mitosis. Thus, the signal that triggers human EBP2 to
bind all over the mitotic chromosomes occurs in both human
and yeast cells.

Our localization studies indicate that there are two pools of
human EBP2 in interphase yeast cells; one is bound to the
chromatin in the nucleolus (revealed in chromatin spreads
shown in Fig. 2, G1 panel), and another is found throughout
the nucleus but is not chromatin associated (indicated by nu-
clear staining of whole cells in Fig. 1). Presently, it is not clear
which of these human EBP2 pools becomes bound over the
chromosomes in mitosis. It may be that human EBP2 in the
nucleolus remains bound to the nucleolar chromatin through-
out the cell cycle and that human EBP2 molecules that are not
associated with the chromatin in interphase attach to addi-
tional regions of the chromosomes in mitosis. Alternatively,
human EBP2 bound to the nucleolar chromatin in interphase
may redistribute over all of the chromatin in mitosis. While it
is the coiled-coil domains of both human EBP2 and yeast
EBP2 that are responsible for chromosome attachment, the
mechanisms by which these two proteins attach to chromo-
somes in mitosis is likely different. Unlike human EBP2, yeast
EBP2 and fusion proteins containing the chromosome attach-
ment domain of yeast EBP2 do not relocalize in mitosis but
instead remain bound to the nucleolar portion of the chroma-
tin. These yeast EBP2 proteins are not able to support

EBNA1-mediated plasmid segregation, suggesting that more
extensive interaction with the mitotic chromosomes is neces-
sary for this function.

Like EBV, the low-copy-number episomal genomes of bo-
vine papillomavirus and Kaposi’s sarcoma-associated herpes-
virus (KSHV) also appear to be partitioned in dividing cells by
attaching to the cellular mitotic chromosomes (reviewed in
reference 9). The E2 protein of bovine papillomavirus and the
LANA1 protein of Kaposi’s sarcoma-associated herpesvirus,
which are the functional counterparts of EBNA1, tether their
viral genomes to the mitotic chromosomes by binding to both
the chromosomes and the cis-acting segregation element of
their respective viruses (5, 17, 28, 42). The components of the
mitotic chromosomes to which E2 and LANA attach to parti-
tion plasmids are not yet clear but are unlikely to include
human EBP2, since we have been unable to detect any inter-
action between human EBP2 and the chromosome-binding
regions of E2 and LANA (P. Kapoor, K. Shire, and L. Frap-
pier, unpublished data). The fact that we have been able to
reconstitute EBV plasmid segregation in S. cerevisiae suggests
that S. cerevisiae may also be a useful system for identifying the
human chromosomal components important for bovine papil-
lomavirus and Kaposi’s sarcoma-associated herpesvirus plas-
mid partitioning.

While there is considerable evidence that stable segregation
can occur through chromosome attachment in mammalian
cells, it has not been clear whether this segregation mechanism
occurs in S. cerevisiae. Plasmids that contain an ARS element
and telomeric or HMR E silencer sequences segregate stably in
S. cerevisiae in the presence of Rap1 and Sir2/3/4 proteins and
are postulated to do so through attachment to structural com-
ponents of the nucleus that partition equally during mitosis
(22, 23, 30, 31). It has not been determined, however, whether
these nuclear components are chromosomal. Similarly, plas-
mids containing an ARS element and the LexA operator se-
quence are partitioned by a LexA/Sir4 fusion protein, which
anchors the plasmids to an unidentified nuclear component
(4). Numerous studies have also been conducted on the parti-
tioning mechanism of the S. cerevisiae 2�m plasmid, which
requires the cis-acting STB locus and the Rep1/Rep2 proteins
(21, 48). 2�m and cellular chromosome segregation have very
similar kinetics and cellular protein requirements, indicating
that 2�m plasmid partitioning is closely tied to that of cellular
chromosomes (34, 45). It is not clear, however, whether the
similarities reflect the tethering of the plasmids to the chro-
mosomes or the possibility that the 2�m plasmids, like cellular
chromosomes, attach to the mitotic spindle. Our results with
the EBV-based plasmid segregation system provide strong ev-
idence that plasmids can be partitioned in S. cerevisiae by
mitotic chromosome attachment, as occurs in human cells.
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