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Tankyrase (TNKS) is a telomere-associated poly-ADP ribose polymerase (PARP) that has been implicated
along with several telomere repeat binding factors in the regulation of Epstein-Barr virus origin of plasmid
replication (OriP). We now show that TNKS1 can bind to the family of repeats (FR) and dyad symmetry regions
of OriP by using a chromatin immunoprecipitation assay and DNA affinity purification. TNKS1 and TNKS2
bound to EBNA1 in coimmunoprecipitation experiments with transfected cell lysates and with purified recom-
binant proteins in vitro. Two RXXPDG-like TNKS-interacting motifs in the EBNA1 amino-terminal domain
mediated binding with the ankyrin repeat domain of TNKS. Mutations of both motifs at EBNA1 G81 and G425
abrogated TNKS binding and enhanced EBNA1-dependent replication of OriP. Small hairpin RNA targeted knock-
down of TNKS1 enhanced OriP-dependent DNA replication. Overexpression of TNKS1 or TNKS2 inhibited
OriP-dependent DNA replication, while a PARP-inactive form of TNKS2 (M1045V) was compromised for this
inhibition. We show that EBNA1 is subject to PAR modification in vivo and to TNKS1-mediated PAR
modification in vitro. These results indicate that TNKS proteins can interact directly with the EBNA1 protein,
associate with the FR region of OriP in vivo, and inhibit OriP replication in a PARP-dependent manner.

Epstein-Barr virus (EBV) is a human herpesvirus that es-
tablishes lifelong latent infections causally linked to several
cancers, including Burkitt’s lymphoma and nasopharyngeal
carcinoma (23, 32). The latent form of EBV exists as a multi-
copy extrachromosomal plasmid that replicates semiconserva-
tively during the S phase of the cell cycle (1, 50). Epstein-Barr
nuclear antigen 1 (EBNA1) is the only viral protein required
for stable episomal maintenance of the viral genome (21, 26,
51) (reviewed in references 27 and 43). EBNA1 binds to two
regions of the viral origin of plasmid replication (OriP), re-
ferred to as the family of repeats (FR) and the dyad symmetry
(DS) element (31). FR is essential for plasmid maintenance,
while DS is required for initiation of OriP-dependent DNA
replication (18, 52). Cellular factors, like the origin recognition
complex (ORC) and minichromosome maintenance (MCM)
proteins, which regulate chromosomal DNA replication and
cell cycle licensing, have been shown to associate with the DS
region of OriP (9, 16, 35). In addition to these replication
factors, several telomere-associated proteins, including telo-
mere repeat factors (TRF1 and TRF2) and hRap1, interact
with three nonamer repeats (TTAGGGTTA) that are inter-
spersed with EBNA1 binding sites in the DS (13, 14).

In a previous study, we had shown that TRF2 and hRap1
facilitate DS-dependent DNA replication and OriP plasmid
maintenance (13). In addition to TRF1, TRF2, and hRap1, we
had also found that the telomere-associated poly-ADP ribose
polymerase tankyrase 1 (TNKS1) was associated with the DS,
using DNA affinity chromatography and chromatin immuno-
precipitation assays (14). TNKS1 was originally identified as a

TRF1-interacting protein that could modulate telomere length
by disrupting binding of TRF1 to telomeric repeats (41, 42).
TNKS2, a highly related paralogue, was also found to interact
with TRF1 (22), as well as with several additional cellular
proteins including the aminopeptidase IRAP4, a vesicular pro-
tein that undergoes regulated translocation to the cell surface
(10). TNKS1 and -2 share similar structural and biochemical
properties and can interact with each other through their SAM
domains (15, 34). Subcellular localization studies indicated
that only a fraction of TNKS protein colocalized to telomeres
(40), but more recent short interfering hairpin RNA (shRNA)
knock-down studies demonstrated that TNKS1 is required for
sister telomere separation during anaphase (17). TNKS1 was
found to be highly enriched in DS-specific DNA affinity-puri-
fied protein preparations (14), but its molecular associations
and potential functions at OriP have not been explored in
detail.

Posttranslational modification by poly-ADP ribosylation
(PAR) has been implicated in several physiological and patho-
physiological processes, including chromatin regulation, recog-
nition of DNA damage, and response to oxidative stress (re-
viewed in references 6, 7, 11, 25, 37, 39, and 46). To date,
12 poly-ADP ribose polymerase (PARP) activities have been
found in metazoan organisms (reviewed in references 4, 11, 37,
and 39). PARP1, the most abundant and prototypical member
of the enzyme family, has well-characterized functions in DNA
damage response pathways (11, 37) and transcription regula-
tion (25, 44, 45). PARP2 was recently shown to bind and
poly-ADP ribosylate TRF2 (12). TNKS1 and -2 have dual roles
in telomere homeostasis and in vesicular trafficking (reviewed
in reference 39). PARP enzymes utilize NAD� as a substrate
for the transfer of linear and branched chains of poly-ADP
ribose onto glutamic acid residues of various protein sub-
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strates. PARP1 is one of the most abundant substrates of
PARP1; other substrates for PARP1 modification include his-
tones, p53, various transcription factors, and proteins impli-
cated in DNA damage response. PAR modifications are tran-
sient and rapidly degraded by poly-ADP ribose glycohydrolase.
The precise role of PAR modification remains unclear, but it is
likely to alter electrostatic charge, protein interactions, and
signaling potential.

Identification of in vivo substrates of various PARPs has
been difficult due to the highly unstable nature of poly-ADP
ribose-modified forms which are thought to have a half-life of
less than 1 min in vivo (11). However, several proteins that
interact with the ankyrin repeat domain of TNKS1 and -2 have
been considered likely candidates for in vivo substrates of poly-
ADP ribosylation. Telomere lengthening induced by TNKS1
or -2 overexpression correlates with TRF1 binding and TNKS-
associated PARP activity, suggesting that their functions in
vivo are mediated through PAR modification of target inter-
acting proteins like TRF1 (41, 42). The ankyrin repeat domains
of TNKS1 and -2 have been shown to bind to several additional
proteins, including IRAP, NuMA, and TAB182, through a
small RXXPDG consensus motif (33, 36). The recruitment of
TNKS1 to the OriP DS region was originally thought to result
from its interaction with TRF1, which can bind directly to
nonamer sequences in DS. However, in several experiments we
were able to identify TNKS1 without detecting significant
amounts of TRF1. This raised the question of whether TNKS1
may be recruited to OriP through more-direct interactions with
EBNA1 itself. In this study, we present evidence that TNKS1
and -2 can bind directly to EBNA1 through two RXXPDG-like
motifs in the amino-terminal domains of EBNA1. We also
show that TNKS binding to EBNA1 downregulates OriP rep-
lication and plasmid maintenance and that this inhibition cor-
relates with poly-ADP ribosylation of EBNA1.

MATERIALS AND METHODS

Cells. HeLa N2 and 293 cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum and antibiotics in a 5%-CO2

incubator at 37°C. EBV-positive Raji and ZKO-293 cells (kindly provided by H.
Delecluse) were cultured in RPMI 1640 medium supplemented with 10% fetal
bovine serum and antibiotics in a 5%-CO2 incubator at 37°C.

Plasmids and proteins. The OriP plasmid (N503) was described previously
(14). shRNA expression vectors were generated as described previously (30).
Briefly, short hairpins of 27 to 29 nucleotides for TNKS1 were expressed by the
U6 promoter in the pENTR/D-Topo vector (Invitrogen). The pGEM1 plasmid,
containing the U6 promoter, was used as the template for PCR with the Sp6
primer (CACCGATTTAGGTGACACTATAG) and the TNKS1 primer (AAA
AAAATAATTCTCCTCAGACACCTCCTTCTGCCCAAGCTTCGACAGAA
GGAAGTGTCTGAGGAGAATCACGGTGTTTCGTCCTTTCCACAA). Sin-
gle-amino-acid substitution and deletion mutants of EBNA1 were generated by
using the plasmid N523 as the DNA template with the QuickChange II site-
directed mutagenesis Kit (Stratagene). The N523 plasmid was derived from
pREP10 (Invitrogen) and expresses hemagglutinin-tagged EBNA1 under control
of the cytomegalovirus promoter. pCMV-FLAG-TNKS1, pCMV-FLAG-TNKS2,
and pCMV-FLAG-TNKS2-M1054V were described previously (33, 34). For
pFLAG-TNKS2-ANK, which expresses the ANK domain of TNKS2 with an
N-terminal FLAG tag, the 2.2-kb NheI-XbaI fragment of pFLAG-TNKS-2 was
replaced with a 150-bp PCR product to remove sequences beyond codon 812.

Recombinant hexahistidine-tagged EBNA1, TNKS1, and TRF1 were overex-
pressed in baculovirus-infected Sf9 cells and purified over nickel-nitrilotriacetic
acid (Ni-NTA) agarose as described previously (5, 42). Recombinant bacterial
hexahistidine-tagged EBNA1 was sequentially purified by using Ni-NTA agarose
and DNA affinity purification with magnetic beads coupled to DS as described
previously (14). Glutathione S-transferase (GST)-EBNA1 and truncation mu-

tants were generated by PCR-based site-directed mutagenesis in the pGEX-2T
vector (Amersham). TNKS1(641-831) was expressed as a hexahistidine fusion
protein in the NheI-XhoI sites of pRSET (Invitrogen) and purified to homoge-
neity by Ni-NTA-agarose chromatography. The fusion proteins were purified and
used in pull-down assays as described previously (34). In this work, recombinant
EBNA1 refers to the truncation mutant lacking the glycine-alanine copolymer
(�GA) from amino acids (aa) 104 to 329.

Transfections. All transfections were performed by the use of the Lipo-
fectamine 2000 reagent, using 2 to 5 �g of plasmid DNA for 1.5 � 106 cells,
which were seeded in 6-cm plates 12 to 16 h prior to transfection (14).

Western blotting. Primary antibodies to EBNA1 (Advanced Biotechnologies,
Inc.), FLAG (Sigma M2 and polyclonal), PCNA (Santa Cruz Biotechnology),
TNKS1 (IMGENEX), and PAR (monoclonal; Trevigen) were used according to
the manufacturer’s specifications. Rabbit antibodies to EBNA1 and TNKS1 were
generated against recombinant protein and affinity purified. T1S and T12 anti-
bodies to TNKS1 and -2, respectively, have been described (34).

Immunoprecipitation. For PAR immunoprecipitation, 3 � 107 Raji cells were
cultured in the absence or in the presence of 3-aminobenzamide (3 mM) for 4 h
and then resuspended in 1.5 ml of cold lysis buffer (0.1% sodium dodecyl sulfate
[SDS], 50 mm Tris-HCl [pH 7.4], 1% Triton X-100, 1 mM EDTA, 400 mM NaCl)
supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM dithio-
threitol (DTT), and protease inhibitor cocktail at 4°C. After 10 min on ice, an
equal volume of cold water was added and lysates were centrifuged for 10 min at
16,000 � g in an Eppendorf microfuge. Supernatants were collected and pre-
cleared with protein G-Sepharose beads for 1 h and then incubated overnight
with indicated antibodies with rotation at 4°C. The immune complexes were
collected with protein G-Sepharose beads for 2 h at 4°C; beads were washed
three times with cold 1:1-diluted lysis buffer and resuspended in 50 �l of 2�
Laemmli buffer at 65°C. In some cases, samples were eluted at 95°C to reduce the
diffuse electrophoretic properties of the PAR-modified species (Fig. 8B). For
transfected 293 cells, 3 � 107 cells were harvested 48 h posttransfection and
processed as described above. For coimmunoprecipitation with purified recom-
binant EBNA1 and TNKS1, combinations of each protein or bovine serum
albumin were resuspended in 1 ml of cold NET-N buffer (100 mM NaCl, 2 mm
EDTA, 20 mM Tris-HCl [pH 8.0], 0.2% Igepal) supplemented with 1 mM PMSF
and protease inhibitor cocktail (Sigma) and incubated overnight with appropri-
ate antibodies with rotation at 4°C. The immune complexes were collected with
protein G-Sepharose beads for 2 h at 4°C; beads were washed four times with
cold NET-N buffer and resuspended in 50 �l of 2� Laemmli buffer. The sample
(25 �l) was subject to a 4 to 20% Tris-glycine polyacrylamide gel, followed by
Western blotting analysis.

ChIP assay. Chromatin immunoprecipitation (ChIP) assays were performed
as described previously (14). The primers for amplification were as follows: DS
(CCCGTGACAGCTCATGGGGTGGGAGAT and CAATCAGAGGGGCCT
GTGTAGCTACCG), FR (GACTCTGCTTTTCTGCCGTCT and TTGGCAA
AAGGATGGTTAGG), and BZLF1p (CAGCTGAGGTGCTGCATAAGCT
TG and ACCTTGCCGGCACCTTTGCTATC). Rabbit polyclonal antibodies to
ORC2 and MCM3 were purchased from BD Pharmingen and Abcam, respec-
tively. Rabbit antibodies to EBNA1, TRF2, TNKS1, and TRF1 were generated
against recombinant proteins and affinity purified.

DNA replication and plasmid maintenance assays. DNA replication and plas-
mid maintenance assays were performed as described previously (14). For a
replication assay with shRNAs, the OriP plasmid (3 �g) and a plasmid expressing
siRNA (3 �g) were cotransfected into 1.5 � 106 293-ZKO cells and harvested
72 h posttransfection. For a replication assay with overexpression of TNKS, 293-
ZKO cells were cotransfected with the OriP plasmid (3 �g) and expression
vectors of FLAG-TNKS1, FLAG-TNKS2, or FLAG-TNKS2 (M1054V) (3 �g).
EBNA1 mutants were analyzed for DNA replication and plasmid maintenance in
EBNA1-negative HeLa N2 cells. EBNA1 mutants were expressed on plasmids
that also contained OriP. For plasmid maintenance of EBNA1 mutants, 1.5 �
106 HeLaN2 cells were transfected with either the EBNA1 wild type (wt) or
mutants. Twenty-four hours posttransfection, cells were washed with phosphate-
buffered saline, replated onto 10-cm plates, and then cultured for 14 to 21 days
under hygromycin selection (250 �g/ml). Selected cells were subjected to replat-
ing every fourth day. Plasmid DNA was isolated by Hirt extraction, digested with
BamHI, and then detected by Southern blotting. Southern blots were quantified
by PhosphorImager analysis, and DNA replication efficiency was calculated by
comparing the ratio of DpnI-resistant DNA to BamHI-linearized DNA; values
were presented as a percentage of EBNA1 wt activity included in the same
experiment.

DNA pull-down assay. Nuclear extract binding with biotinylated DNA bound
to streptavidin was described previously (14). DNA affinity purification with
recombinant proteins involved generating in vitro-translated TNKS1 or lucif-
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erase with [35S]methionine using T7/T3 coupled reticulocyte lysate systems (Pro-
mega). Recombinant EBNA1 was prebound to DS, FR, or BKS DNA coupled to
magnetic beads for 45 min at room temperature (RT). The bound material was
washed three times with 1 ml of D150 buffer (20 mM HEPES [pH 7.9], 0.2 mM
EDTA, 20% glycerol, 150 mM KCl, 1 mM PMSF, 1 mM DTT) containing 0.05%
Ipegal and then further incubated with 35S-labeled TNKS1 or luciferase for 45
min at RT. The bound material was washed three times with 1 ml of D150
containing 0.05% Ipegal and then boiled for 15 min in 2� SDS-loading buffer.
The eluted sample was run on a 10% polyacrylamide gel, the gel was dried, and
the radioactive species were detected by PhosphoImager.

GST-pull down assay. GST-EBNA1 proteins were expressed and purified
from Escherichia coli by glutathione-Sepharose affinity purification and washing
with sonication buffer (20 mM Tris-Cl [pH 7.5], 1 mM EDTA, 150 mM NaCl,
0.05% Ipegal, 1 mM PMSF, 1 mM DTT). Glutathione-Sepharose (20 �l)-bound
GST-EBNA1 proteins (�50 �g) were incubated with TNKS proteins (either
purified or from cell extracts) for 30 min and then subjected to three washings
with 1 ml of sonication buffer at 4°C for 15 min each. Glutathione-Sepharose-
bound complexes were disrupted with Laemli buffer and subjected to SDS-
polyacrylamide gel electrophoresis (PAGE). Complexes were visualized by
Western blotting or Coomassie staining.

In vitro poly-ADP ribosylation assays. Recombinant proteins (10 to 500 ng)
were incubated in 20 �l of reaction buffer containing 10 mM Tris (pH 7.0), 10%
glycerol, 6 mM MgCl2, 50 mM KCl, 1 mM PMSF, and 5 mM 2-mercaptoethanol
with or without 1 mM NAD�. Reactions were incubated for 30 min at RT,
inactivated by the addition of 2� SDS-PAGE loading buffer and subjected to
Western blot analysis. Binding reactions used baculovirus-derived EBNA1
(�100 nM) and TNKS1 (�100 nM).

RESULTS

TNKS1 interacts with the FR region of OriP in vivo. The
ChIP assay was used to determine if several proteins, including
TNKS1 and TRF1, could be detected at either the FR region
or the DS region of OriP in vivo (Fig. 1A). EBV-positive Raji
cells were formaldehyde cross-linked, and total cell lysates
were sonicated to produce DNA fragments of an average
length of 300 to 600 bp. Amplicons for EBV DNA were se-
lected at the left side of FR (relative to standard EBV coor-
dinates) or adjacent to DS and were thus spaced more than 1.7
kb from each other. A third amplicon was the BZLF1 pro-
moter region (Zp) located more than 40 kb from OriP. Thus,
there should be limited overlap in these amplicons from
sheared DNA fragments used in the ChIP assays. Antibodies
to EBNA1, TRF2, TNKS1, TRF1, ORC2, MCM3, or control
rabbit immunoglobulin G (IgG) were compared for their abil-
ity to ChIP DS, FR, or Zp DNA. EBNA1 antibodies precipi-
tated DNA from DS and FR but not from Zp (Fig. 1A, lanes
7 to 9). The preferential precipitation of DS over FR is likely
caused by the difference in amplicon proximity to EBNA1
binding sites and not a reflection of the in vivo binding affinity,
which is likely to be much higher at FR than at DS. TRF2
bound DS but did not precipitate significant amounts of FR or
Zp, consistent with the known TRF2 binding sites in DS (Fig.
1A, lanes 10 to 12). Similarly, TRF1, ORC2, and MCM3 pre-
cipitated more DS than FR or Zp DNA (Fig. 1A, lanes 16 to
24). In contrast, TNKS1 antibody precipitated FR DNA to a
greater extent than DS DNA, and levels of both regions were
significantly above Zp levels (Fig. 1A, lanes 13 to 15). This
suggests that the TNKS1 protein can bind both FR and DS but
preferentially binds to the FR region of OriP.

The ability of TNKS1 to bind FR was reexamined in vitro
using DNA affinity purification with recombinant TNKS1 and
EBNA1 (Fig. 1B). 35S-labeled in vitro-translated TNKS1 or
control luciferase protein were compared for their binding to
FR, DS, or control BKS DNA in the presence or absence of

recombinant EBNA1 expressed and purified from baculovirus
infected sf9 cells. We found that 35S-TNKS1 bound to FR and
DS in the presence of EBNA1 but not when EBNA1 was
absent. 35S-luciferase did not bind DS or FR significantly, and
35S-TNKS1 did not bind to control BKS DNA, indicating that
the binding of TNKS1 was specific for EBNA1-bound DS and
FR. 35S-TNKS1 also bound to DS when recombinant TRF1
was substituted for EBNA1, indicating that TNKS1 can be
recruited to DS through direct interactions with TRF1, as well
as with EBNA1.

FIG. 1. TNKS binds the FR region of OriP. (A) Raji cells were
subjected to ChIP assay with control IgG (lanes 4 to 6) or specific an-
tibodies against EBNA1 (lanes 7 to 9), TRF2 (lanes 10 to 12), TNKS1
(lanes 13 to 15), TRF1 (lanes 16 to 18), ORC2 (lanes 19 to 21), or
MCM3 (lane 22 to 24). ChIP DNA was amplified for EBV regions DS,
FR, and BZLF1p as indicated. Input (lanes 1 to 3) and chromatin
immunoprecipitated DNA were serially diluted threefold (lanes 1 to
3). Quantification of the average intensity of ethidium bromide-stained
DNA products was done relative to total input DNA and shown in the
bar graph below. (B) FR, DS, or BKS DNA affinity binding was as-
sayed by using in vitro-translated 35S-TNKS1 or 35S-luciferase (35S-
LUC) control protein. Binding was measured with (�) or without (�)
recombinant baculovirus-expressed and purified EBNA1. For the pos-
itive control, recombinant TRF1 was used instead of EBNA1 (lane 8).
The schematic above depicts biotinylated (Bio) templates with EBNA1
sites (circles) and TRF binding sites (squares).
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Association of TNKS with EBNA1. The above-described ex-
periments suggest that EBNA1 can bind TNKS1 in the absence
of TRF1. To further explore this possibility, we assayed wheth-
er EBNA1 could coimmunoprecipitate with FLAG-tagged
TNKS1 in transiently cotransfected 293 cells (Fig. 2A). Immu-
noprecipitation with antibodies specific for EBNA1 revealed
that FLAG-TNKS1 coimmunoprecipitated with �1% of the
input EBNA1 (Fig. 2A). No FLAG-TNKS1 was detected in
IgG control immunoprecipitates, indicating that the TNKS1
coimmunoprecipitation was specific for EBNA1. Similarly,
immunoprecipitation with FLAG antibodies revealed that
EBNA1 coimmunoprecipitated with anti-FLAG-TNKS1, while
no EBNA1 was detected with rabbit IgG control (lower panel).
Nearly identical results were found when FLAG-TNKS2 was
substituted for FLAG-TNKS1 (Fig. 2B, lower panel). Since
many TNKS-interacting proteins bind the ankyrin repeat do-
main, we assayed the ability of the TNKS2-ankyrin domain
alone to interact with EBNA1 in coimmunoprecipitation as-
says. FLAG-TNKS2 -ANK was also found to bind EBNA1,
similar to full-length TNKS proteins. These results indicate
that TNKS1 and TNKS2 can interact with EBNA1 in trans-
fected cells in the absence of OriP DNA.

To further test the possibility of a direct interaction between
the EBNA1 and TNKS proteins, we assayed the ability of
purified Escherichia coli-derived GST-EBNA1 to bind to
FLAG-TNKS1 or FLAG-TNKS2 protein that was expressed in
transfected 293 cells (Fig. 2B). Purified GST-EBNA1(1–
440�GA) or GST protein control was incubated with nuclear
extracts from transfected cells and assayed with antibodies
specific for TNKS1 (top panel) or TNKS2 (lower panel). In
both cases, we found that GST-EBNA1 bound TNKS proteins
expressed in 293 cells, further supporting our findings that
these proteins can interact independently of OriP DNA.

To eliminate the possibility that other cellular factors medi-
ate the interaction between TNKS and EBNA1, we tested the
ability of recombinant TNKS1 and EBNA1 proteins expressed
and purified from baculovirus-infected cells to interact in vitro
(Fig. 2C). TNKS1 was incubated with EBNA1 and subjected to
immunoprecipitation with antibodies specific for EBNA1,
TNKS1, or control IgG (Fig. 2C). We observed that anti-
EBNA1 antibodies efficiently precipitated TNKS1 protein in
an EBNA1-dependent fashion (Fig. 2C, lane 8) and that anti-
TNKS1 precipitated EBNA1 in a TNKS1-dependent fashion
(Fig. 2C, lane 11). These results indicate that full-length
EBNA1 and TNKS1 can interact with each other in the ab-
sence of other cellular and viral proteins.

TNKS binds to two related motifs in EBNA1. The highly
conserved ankyrin domain of TNKS1 and -2 interacts with an
RXXPDG motif in several binding partners, including TRF1,
IRAP, and TAB182 (33). We observed that the TNKS2 anky-
rin domain also conferred binding to transfected full-length
and bacterially expressed GST-EBNA1 (Fig. 2A). To deter-
mine if EBNA1 has any similar TNKS binding motifs, we
assayed various GST-EBNA1 fusion proteins for binding to the
TNKS2 ankyrin domain (Fig. 3A). EBNA1 can be divided into
at least three functional regions: the C-terminal DNA binding
domain (aa 450 to 607), an N-terminal region that confers
chromosome tethering and replication activity (aa 1 to 103 and
330 to 440), and a glycine-alanine copolymer (aa 103 to 330)
which is dispensable for DNA replication and plasmid main-

FIG. 2. TNKS binds EBNA1 directly. (A) 293 cells were cotrans-
fected with plasmids expressing EBNA1 and either FLAG-TNKS1
(top panel), FLAG-TNKS2 (middle panel), or FLAG-TNKS2-ANK
(lower panel). Immunoprecipitates using rabbit anti-EBNA1, anti-
FLAG, or control rabbit IgG were assayed by Western blotting with
monoclonal antibodies specific for FLAG or EBNA1. (B) Cell extracts
containing full-length FLAG-TNKS1 (top panel) or FLAG-TNKS2
(lower panel) were assayed for binding GST or GST-EBNA1(1-
440�GA). Bound proteins were assayed by Western blotting with the
anti-TNKS antibodies T1S (upper panel) and T12 (lower panel).
(C) Purified baculovirus-expressed TNKS1 and EBNA1 form a com-
plex in vitro. EBNA1 alone (lanes 3, 6, and 9), TNKS alone (lanes 4,
7, and 10), or the two proteins mixed in vitro (lanes 5, 8, and 11) were
subjected to immunoprecipitation (IP) with IgG (lanes 3 to 5) or
antibodies against EBNA1 (lanes 6 to 8) or TNKS1 (lanes 9 to 11).
Immunoprecipitates were washed extensively and assayed by West-
ern immunoblotting (IB) with monoclonal antibodies to TNKS1 (top
panel) or EBNA1 (bottom panel). Inputs (lanes 1 and 2) represent 5%
of the total material used for immunoprecipitates.
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tenance activity (3, 28, 29, 48, 49). We found that the N-
terminal region (aa 1 to 103 plus aa 330 to 440), lacking any
DNA binding activity, bound the TNKS2 ankyrin repeat do-
main (Fig. 3A). Further deletion analysis of the EBNA1 N-
terminal region uncovered a TNKS-binding domain within aa
1 to 90 and a second binding domain within aa 419 to 440 (Fig.
3A).

The TNKS1 ankyrin domain (aa 641 to 831) containing five
ankyrin repeats was purified to near-homogeneity and assayed
for its ability to bind purified GST-EBNA1 fragments in the
absence of any additional factors (Fig. 3B). TNKS1(641–831)
did not bind to GST protein (Fig. 3B, lane 4) but bound effi-
ciently to GST-EBNA1(58–93) (Fig. 3B, lane 6) and to GST-
EBNA1(339–449) (Fig. 3B, lane 8). TNKS1(641–831) bound
efficiently to GST-TRF1(2–69), as expected (Fig. 3B, lane
10). These findings demonstrate that at least two regions of
EBNA1 can interact directly with the ankyrin domains of
TNKS1 and TNKS2.

Inspection of these EBNA1 regions revealed two hexapep-

tide sequences, the RPSCIG (aa 76 to 81) and EGGPDG (aa
420 to 425) sequences, that partially match the consensus
TNKS binding motif RXXPDG (Fig. 3D). Substitution muta-
tions in EBNA1 G425A eliminated the binding of the EBNA1
420–440 fragment to TNKS2 (Fig. 3A), and a similar G81A
substitution abolished the binding of EBNA1 aa 1 to 90 to
TNKS2 (data not shown). In the context of the N-terminal
domain (aa 1 to 103 plus aa 330 to 440), this single-substitution
mutation did not completely eliminate TNKS binding (Fig.
3C). However, the combination of G81A and G425A led to a
significant reduction in TNKS binding (Fig. 3C). These results
demonstrate that two RXXPDG-like motifs in the EBNA1
amino-terminal domain confer binding to the TNKS ankyrin
repeat domain.

To verify that the EBNA1 G81A/G425A mutation dimin-
ished TNKS binding in the context of full-length proteins in
vivo, we assayed the ability of wt and mutant EBNA1 proteins
to coimmunoprecipitate with full-length FLAG-TNKS2 in
transfected HeLa cells (Fig. 4A). FLAG-TNKS2 was found to

FIG. 3. TNKS binds to two RXXPDG-like motifs in EBNA1. (A) Extracts from 293 cells transfected with the FLAG-tagged ankyrin domain
of TNKS2 (FLAG-TNKS2-ANK) were used to assay binding to GST fusions of various EBNA1 subdomains, as indicated above. Bound proteins
were detected by anti-FLAG immunoblotting (top panel). GST proteins were visualized by Ponceaus S staining of nitrocellulose blots (lower
panel). GST-IRAP is a positive control for TNKS2 binding. A summary of several independent binding experiments is given in the schematic below.
(B) Purified GST (lanes 3 and 4), GST-EBNA1(58–93) (lanes 5 and 6), or GST-EBNA1(339–449) (lanes 7 and 8) were incubated with (�) or
without (�) the purified TNKS1 ankyrin repeat domain (aa 641 to 831). Glutathione agarose-bound proteins were visualized by Coomassie blue
staining in SDS-PAGE. (C) GST-EBNA1(1–440�GA) containing substitution mutations at G425, G81, or both was assayed for binding to TNKS2
as described for panel A. Coomassie staining of GST-EBNA1 proteins is shown below. (D) Alignment of the RXXPDG-like motifs from EBNA1
and other TNKS-interacting proteins.
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coimmunoprecipitate with wt EBNA1, as expected. In con-
trast, significantly less FLAG-TNKS2 coimmunoprecipitated
with EBNA1 (G81A/G425A). Similar levels of EBNA1 were
expressed and immunoprecipitated by EBNA1 antibody (mid-
dle panel), and no EBNA1 proteins were detected with IgG
control immunoprecipitates (lower panel). The same experi-
ment was repeated and assayed by immunoblotting with anti-
FLAG (right panels). Again, we found that EBNA1 (G81A/
G425A) had diminished capacity to immunoprecipitate
FLAG-TNKS2 (right middle panel). Nearly identical amounts
of FLAG-TNKS2 were expressed and immunoprecipitated by
FLAG antibody (right top panel), and no proteins were de-
tected with IgG control immunoprecipitations. These results
indicate that EBNA1 residues G81 and G425 are important for
TNKS interaction in the context of full-length proteins in vivo.
To determine if DNA might be mediating some of the inter-
actions between full-length EBNA1 and TNKS proteins, we
performed immunoprecipitation of wt EBNA1 and G81A/
G425A EBNA1 in the presence or absence of 100 �g of ethid-
ium bromide (EtBr)/ml, which disrupts most DNA-protein
complexes (Fig. 4B). We found that addition of EtBr reduced
but did not eliminate EBNA1 coimmunoprecipitation with
FLAG-TNKS2 (Fig. 4B, lanes 5 and 6). In contrast, addition of
EtBr completely eliminated any detectable coimmunoprecipi-
tation between G81A/G425A EBNA1 and FLAG-TNKS2
(Fig. 4B, 12). These findings suggest that EBNA1 can bind
TNKS in the absence of DNA and that this interaction is

dependent on the EBNA1 amino acid residues G81 and G425.
However, these results also suggest that DNA binding stabi-
lizes the interaction of EBNA1 with TNKS, since EtBr reduced
coprecipitation of EBNA1 with TNKS.

To further evaluate the effect of the EBNA1 G81A/G425A
mutation in vivo, we analyzed the binding of EBNA1, TNKS,
and ORC2 to regions of OriP using a ChIP assay (Fig. 4C). We
found that wt and G81A/G425A EBNA1 bound to DS and FR
specifically and with nearly equal efficiencies (Fig. 4C, top left).
In contrast, we found that TNKS1 binding at DS was reduced
to �40% in cells expressing G81A/G425A EBNA1 relative to
EBNA1 wt-expressing cells (Fig. 4C, top right). A similar re-
duction of TNKS1 binding (�60%) was found at FR. In con-
trast, ORC2 binding was slightly elevated at DS in cells ex-
pressing G81A/G425A EBNA1 compared to results with
EBNA1 wt (Fig. 4C, lower right). No specific binding was
detected at a plasmid control region (Amp) or at a cellular
gene (Actin). Similarly, no significant binding was found with
control IgG ChIP assays (Fig. 4C, lower left). These data
indicate that the EBNA1 residues G81A and G425 reduce the
association of TNKS protein at OriP regions DS and FR in
vivo. These results also suggest that EBNA1 (G81A/G425A)
augments ORC association with the DS region of OriP.

Disruption of TNKS binding enhances EBNA1 replication
activity. To determine if the RXXPDG-like TNKS interaction
motifs in EBNA1 were functionally important, we measured
the DNA replication and plasmid maintenance activities of an
EBNA1 protein containing a substitution mutation in both of
these motifs (Fig. 5). EBNA1-dependent DNA replication was
assayed by transient transfection and quantitated by determin-
ing the amount of DpnI-resistant plasmid (upper panel) rela-
tive to that of total BamHI linearized plasmid (lower panel) at
72 h posttransfection. As expected, no replication was detected
in the presence of an EBNA1 mutant lacking the DNA binding
domain (�DB) (Fig. 5A, lanes 1 to 2). By contrast, the substi-
tution mutations disabling both TNKS-interacting motifs of
EBNA1 (at G81A and G425A) led to a �3-fold increase in
DNA replication (lanes 5 to 6) relative to that of wt EBNA
(lanes 3 and 4). These EBNA1 mutants were also assayed for
plasmid maintenance activity after 14 days in culture (Fig. 5B).
We found that substitution mutants produced a similar three-
to fourfold increase in OriP plasmid maintenance (Fig. 5B).
These results indicate that the disruption of both TNKS inter-
action motifs in EBNA1 leads to an increase in DNA replica-
tion and plasmid maintenance activities. EBNA1 protein levels
72 h after transfection revealed that these mutations may also
have an effect on EBNA1 stability, since the G81/425A mutant
was expressed at slightly elevated levels relative to wt EBNA1
(Fig. 5C).

TNKS1 negatively regulates OriP replication. To investigate
the functional role of TNKS1 in OriP-dependent DNA repli-
cation, we used shRNA-targeted depletion of TNKS1 (Fig. 6).
EBV-positive 293-ZKO cells were transfected with shRNA
control plasmid or TNKS1-shRNA target plasmid and assayed
by Western blotting for depletion of the TNKS1 protein (Fig.
6A). The TNKS1-shRNA target plasmid reduced the TNKS1
protein to less than �20% of control plasmid levels (Fig. 6A,
upper panel). Control PCNA protein levels were not affected
by shRNA plasmid transfection (Fig. 6A, lower panel). These
same cells were cotransfected with OriP-containing plasmids

FIG. 4. EBNA1 (G81A/G425A) diminishes TNKS binding in vivo.
(A) wt or G81A/G425A EBNA1 was coexpressed with FLAG-TNKS2
in HeLa cells and assayed for coimmunoprecipitation. Immunoprecipi-
tation with anti-FLAG, anti-EBNA1, or IgG control was analyzed by
immunoblotting with anti-EBNA1 (left panel) or anti-FLAG (right
panel). (B) wt or G81A/G425A EBNA1 was coexpressed with FLAG-
TNKS2 in HeLa cells and assayed for coimmunoprecipitation in the
absence (�) or presence (�) of 100 �g of EtBr/ml. Immunoprecipi-
tates were analyzed by immunoblotting with anti-EBNA1. (C) wt
(black fill) or G81A/G425A (grey fill) EBNA1 was coexpressed in
HeLa cells with OriP-containing plasmid and assayed by ChIP for
amplification of DS, FR, ampicillin gene (Amp), or cellular actin
DNA, using antibody to EBNA1, TNKS1, ORC2, or IgG.
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and assayed for DNA replication (Fig. 6B). Plasmid replication
was determined by the ratio of Dpn1-resistant to total BamHI-
linearized plasmid recovered 72 h after transfection. shRNA-
directed depletion of TNKS1 led to a 2.6-fold increase in
OriP-dependent DNA replication (Fig. 6B). These findings are
consistent with a role of TNKS1 as a negative regulator of OriP
replication.

We next examined the effect of TNKS1 and TNKS2 overex-
pression on OriP DNA replication (Fig. 7). Ectopic expression
of FLAG-tagged TNKS1 and -2 inhibited OriP replication by

three- and sixfold, respectively (Fig. 7A and B). The increased
efficiency of TNKS2 inhibition relative to that of TNKS1 most
likely reflects the higher expression levels of TNKS2 in tran-
sient-transfection experiments (Fig. 7C, �Flag panel). These
findings are consistent with those of the shRNA studies and
further suggest that the TNKS proteins negatively regulate
OriP replication.

To determine if the PAR enzymatic activity of TNKS was
important for this inhibition, we assayed TNKS2 (M1054V),
which contains a point mutation in the PARP domain that
destroys its enzymatic activity (34). TNKS2 (M1054V) was
expressed to levels identical to those of wt TNKS2, as deter-
mined by anti-FLAG immunoblotting (Fig. 7C). We found that
TNKS2 (M1054V) (57% of wt activity) was compromised in its
ability to inhibit OriP replication relative to wt TNKS2 (14% of
wt activity) (Fig. 7A and B). These findings indicate that over-
expression of TNKS1 and -2 inhibit OriP replication and that
the PARP activity of TNKS2 contributes to this inhibition.
Ectopic expression of TNKS1 and TNKS2 caused a slight re-
duction in EBNA1 protein levels as detected by Western blot-
ting (Fig. 7C, middle panel), suggesting that TNKS proteins
may inhibit OriP replication in part by reducing EBNA1 pro-
tein stability.

Poly-ADP ribosylation of EBNA1 by TNKS. We have previ-
ously shown that EBNA1 can be ADP ribosylated in vitro by
using DS DNA affinity-purified proteins (14). We next set out
to determine whether PAR modification could be detected on
endogenous EBNA1 in latently infected Raji Burkitt lym-
phoma cells (Fig. 8A). Long-branched PAR modifications are
thought to have extremely short half-lives in vivo and therefore
may not be recovered fully in immunoprecipitation assays.
Nevertheless, we sought to determine if EBNA1 protein in

FIG. 5. Mutation of the EBNA1 TNKS interaction motifs enhances
replication and plasmid maintenance. (A) EBNA1-dependent DNA
replication was assayed in HeLa cells transfected with OriP plasmids
expressing EBNA1 lacking its DNA binding domain (�DB), EBNA1
(wt), or EBNA1 (G81A/G425A), as indicated above each lane. Dpn1
and BamHI double cuts (top panel) indicate replicated DNA relative
to the total recovered DNA linearized with BamHI alone (bottom
panel). Replication activity was quantified for at least three indepen-
dent experiments, and standard deviations were less than 15%. (B)
Plasmid maintenance was assayed for OriP plasmids encoding �DB
(lanes 1 and 2), wt (lanes 3 and 4), or G81/425A (lanes 5 and 6)
EBNA1. Recovered plasmid was linearized with BamHI and detected
by Southern hybridization. Quantification of three independent exper-
iments is presented in the bar graph below. (C) Western blot analysis
of hemagglutinin-tagged EBNA1 derivatives from transfected cell ex-
tracts described for panel A above.

FIG. 6. shRNA-mediated depletion of TNKS1 enhances OriP rep-
lication. EBNA1-positive ZKO-293 cells were cotransfected with OriP
plasmid and either shRNA control plasmid or shRNA target plasmid
for TNKS1. (A) Seventy-two hours posttransfection, cell lysates were
assayed by Western blotting for expression of TNKS1 (top panel) or
control PCNA protein (bottom panel). (B) The same transfected cells
were assayed for OriP-dependent replication of transfected plasmids.
Quantification of replication was the average from three independent
experiments.

4646 DENG ET AL. J. VIROL.



Raji cells had reactivity to the PAR-specific monoclonal anti-
body, using immunoblotting of immunoprecipitates with anti-
bodies to EBNA1. To enhance the isolation of PAR-modified
forms of EBNA1, immunoprecipitates were eluted with Laem-
mli buffer at 65°C to avoid excessive heat treatment. EBNA1
protein was readily detected in EBNA1 immunoprecipitates
and could be weakly detected in immunoprecipitates with PAR
antibody (Fig. 8A, left panel). Immunoblotting of the same
immunoprecipitate with PAR-specific antibody revealed abun-
dant and diffuse species of PAR-modified proteins in the PAR
immunoprecipitates (Fig. 8A, middle panel). Similar but low-
er-abundance diffuse species could be detected in EBNA1
immunoprecipitates. In contrast, no PAR-reactive species was
detected in IgG control immunoprecipitates. The same immu-
noblot was probed with TNKS1-specific antibody and revealed

a �150-kDa protein specific to the EBNA1 immunoprecipi-
tation, indicating that TNKS1 coimmunoprecipitates with
EBNA1 in Raji cell extracts under these conditions (Fig. 8A,
right panel). These results suggest that EBNA1 can be isolated
as PAR-modified species in Raji cell extracts.

To further verify that the EBNA1 was subject to PAR mod-

FIG. 7. Ectopic expression of TNKS proteins inhibits OriP replica-
tion. (A) EBNA1-positive ZKO-293 cells were cotransfected with OriP
plasmid and expression vector for TNKS1, TNKS2, or a PARP-defec-
tive mutant of TNKS2 (M1054V), as indicated above each lane. The
transfected cells were assayed for OriP-dependent DNA replication.
(B) Quantification of OriP DNA replication represents the average for
three independent experiments. (C) Western blot analysis of trans-
fected cell extracts shown above. Antibodies to FLAG-tagged TNKS1
or TNKS2 (top panel), EBNA1 (middle panel), and control protein
PCNA (bottom panel) are indicated.

FIG. 8. PAR modification of EBNA1. (A) EBV-positive Raji cells
were immunoprecipitated (IP) with anti-EBNA1, anti-PAR, or IgG
control and then analyzed by immunoblotting (IB) with anti-EBNA1
(left panel), anti-PAR (middle panel), or anti-TNKS1 (right panel).
Immunoprecipitated proteins were eluted at 65°C in Laemmli buffer.
The positions of EBNA1 and TNKS1 proteins are indicated by the
arrows. The asterisk indicates a cross-reacting band of unknown iden-
tity. (B) EBV-positive Raji cells left untreated (top panels) or treated
with 3-AB for 4 h (lower panels) were subjected to immunoprecipita-
tion with antibodies against EBNA1, PAR, or control mouse IgG.
Immunoprecipitates were immunoblotted with anti-EBNA1 antibod-
ies (left panels) or anti-PAR antibodies (right panels). Immunopre-
cipitated proteins were eluted with Laemmli buffer at 95°C for 5 min.
(C) Purified recombinant TNKS1 protein was incubated with purified
recombinant EBNA1 with (�) or without (�) 1 mM NAD� as indi-
cated and assayed by Western blotting with anti-EBNA1 (top) or
anti-PAR (lower panel) antibodies.
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ification in vivo, we compared PAR immunoprecipitates in
Raji cells that were pretreated with the PARP inhibitor 3-ami-
nobenzamide (3-AB). Raji cells were treated with or without 3
mM 3-AB for 4 h and then subjected to immunoprecipitation
with antibodies to EBNA1, PAR, or control IgG (Fig. 8B). To
reduce the heterogeneous migration of PAR-modified EBNA1
proteins, immunoprecipitates were eluted in Laemmli buffer at
95°C for 5 min. EBNA1 was readily detected in PAR immu-
noprecipitates from untreated cells but was no longer detect-
able in PAR immunoprecipitates from 3-AB-treated Raji cells
(Fig. 8A, left panels). Similarly, when immunoblots were
probed with PAR-specific antibody, EBNA1 was more readily
detected in untreated cells than in 3-AB-treated cells (Fig.
8A, right panels). These results indicate that PAR-modified
EBNA1 can be isolated from Raji cell extracts and that 3-AB
can partially inhibit this modification.

We next determined whether EBNA1 could be a direct
substrate of purified recombinant TNKS1 in cell-free reactions
(Fig. 8C). PAR modifications in vitro can be detected by the
diffuse electrophoretic mobility of the heterogeneously PAR-
modified protein or by direct detection with anti-PAR antibod-
ies in Western blots. TNKS1 by itself was subjected to signif-
icant levels of automodification in these reactions (Fig. 8C,
lower panel, lane 2). Incubation of EBNA1 with TNKS1 and
NAD� resulted in a diffuse trailing of the EBNA1 protein as
detected by anti-EBNA1 immunoblotting (Fig. 8C, top panel,
lane 4). PAR-modified EBNA1 was also revealed by the reac-
tivity to anti-PAR antibodies and the change in electrophoretic
distribution of PAR modified proteins relative to auto-modi-
fied TNKS1 (Fig. 8C, lower panel, compare lanes 4 and 2).
These results demonstrate that EBNA1 can be PAR modified
by TNKS1 in vitro.

DISCUSSION

In this work, we provide evidence that the telomere-associ-
ated PARPs, TNKS1 and TNKS2, can bind and modify
EBNA1 and negatively regulate OriP replication and plasmid
maintenance. The association of TNKS proteins with EBNA1
was shown by several complementary approaches. We pre-
sented evidence that TNKS1 associates with the FR and DS
regions of OriP in vivo by ChIP assay and in vitro by DNA
affinity purification with partially purified components (Fig. 1).
TNKS1 and TNKS2 proteins could be coimmunoprecipitated
with EBNA1 from transfected cells and isolated from trans-
fected cell extracts by GST-EBNA1 affinity purification (Fig.
2). Purified recombinant EBNA1 and TNKS1 coprecipitated in
vitro, indicating that no other cellular proteins were required
for binding. This interaction between EBNA1 and TNKS1
was mapped by deletion and substitution mutagenesis to the
TNKS ankyrin repeats and to two RXXPDG-like motifs in
the EBNA1 protein (Fig. 3). These data strongly indicate that
EBNA1 contains at least two TNKS ankyrin-domain interac-
tion motifs, that full-length TNKS1 and -2 can bind to EBNA1,
and that TNKS1 binds the FR region of OriP in B cells latently
infected with EBV.

The functional consequence of TNKS interaction with
EBNA1 was also investigated. Our data indicate that TNKS
proteins inhibit OriP replication and plasmid maintenance.
First, a substitution mutant of EBNA1 (G81/425A) that dis-

rupts TNKS binding to EBNA1 and to OriP DNA (Fig. 4)
enhanced EBNA1 replication and plasmid maintenance activ-
ity in vivo (Fig. 5). Secondly, shRNA directed against TNKS1
enhanced OriP DNA replication (Fig. 6). Third, overexpres-
sion of TNKS1 and TNKS2 inhibited OriP-dependent DNA
replication (Fig. 7). These data strongly indicate that TNKS
proteins act as negative regulators of OriP replication and
plasmid maintenance.

Inhibitory domains in EBNA1 have been reported previ-
ously. Deletion of EBNA1 amino acids 61 to 83 or 395 to 450
enhance DNA replication and plasmid maintenance activity
(19, 48). These deletions overlap the two domains that we
found to interact with TNKS proteins in this study and support
our finding that TNKS interaction with EBNA1 inhibits DNA
replication and plasmid maintenance. A protein profiling study
of EBNA1 complexes found that the interaction with the ubiq-
uitin protease HAUSP was dependent upon EBNA1 amino
acid residues 395 to 440, a region which overlaps with one of
the TNKS interaction motifs (19, 20). TNKS proteins were not
found among the many EBNA1-associated proteins in the pro-
tein-profiling study or in two-hybrid analysis (2, 24, 38, 47).
Our data indicate that the TNKS-EBNA1 complex is not
highly abundant under typical cell culture conditions and may
bind to only a small percentage of EBNA1 molecules in asyn-
chronous cell cultures. Thus, it is not surprising that TNKS
polypeptides were not identified in these previous screens for
EBNA1-associated proteins. Also, the potential modification
of EBNA1 by TNKS would also limit the recovery of a stable
EBNA1-TNKS complex from cell lysates. In addition, it is
possible that TNKS1 and HAUSP may compete for overlap-
ping binding sites on EBNA1 and direct EBNA1 to different
pathways, leading to either degradation or stabilization, re-
spectively.

The mechanism of TNKS inhibition of OriP function is not
completely understood. Our data suggest that poly-ADP ribo-
sylation of EBNA1 is an important component of this inhibi-
tory activity, but other possibilities still exist. We found that a
PARP-defective mutant of TNKS2 was reduced in its ability to
inhibit EBNA1 replication (Fig. 7). However, this mutant was
still capable of inhibiting replication, albeit to a lesser extent
than wild-type TNKS2. TNKS1 was shown to PAR modify
EBNA1 in vitro in the absence of any other proteins, indicating
that EBNA1 is a candidate substrate for TNKS proteins (Fig.
8C). We also found that PAR-modified EBNA1 could be iso-
lated from EBV-positive cell extracts, suggesting that EBNA1
is subject to PAR modification in vivo (Fig. 8A and B). Previ-
ous work indicated that EBNA1 was efficiently PAR modified
in cell-free reactions with DS DNA affinity-purified proteins,
which included TNKS1 as well as PARP1 (14). It was also
shown that small-molecule inhibitors of PARP enzymes, such
as 3-AB and niacinamide, enhance OriP-dependent plasmid
maintenance (14). Thus, it is likely that PAR modifications
inhibit EBNA1 function at OriP and that TNKS proteins con-
tribute to these inhibitory PAR modifications.

TNKS1 is known to increase telomere length through PAR-
dependent inhibition of TRF1 binding to telomere repeats.
PAR modification of TRF1 by TNKS1 leads to the loss of
DNA binding and the consequent polyubiquitination and pro-
teasome-dependent degradation of TRF1 (8). TNKS may also
regulate TRF1 binding to the DS region of OriP. Previously,
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we observed that TRF1 binding increases in G2/M phase of the
cell cycle, and its ectopic expression inhibited OriP replication
(13). TNKS may coordinate the cell cycle-dependent binding
and release of TRF1 at DS. Alternatively, TNKS may regulate
the dissociation and degradation of EBNA1 from OriP, a pro-
cess that may be essential for completion of DNA replication.
While we have observed that ectopic expression of TNKS1
leads to a slight decrease in the steady-state levels of EBNA1
as detected by Western blotting of transfected cells, we have
not been able to demonstrate that purified TNKS leads to a
dissociation of EBNA1 from OriP or targeting of EBNA1 for
degradation similar to that seen with TRF1 (data not shown).
Such a mechanism seems plausible but awaits further investi-
gation.

We have previously found that telomere repeat binding fac-
tors bind the nonamer repeats of the OriP DS region and
regulate replication activity (13, 14). In this work, we demon-
strate that another telomere-associated protein, TNKS, regu-
lates OriP activity through a direct interaction with the EBNA1
protein and the OriP FR region. The FR region of OriP is
structurally reminiscent of telomeric repeats, and this may
suggest that TNKS has additional complex functions at OriP.
TNKS has been proposed to bind and organize tandem arrays
of TRF1 at telomeres (36), and a similar structural function of
TNKS at the EBNA1 tandem arrays in FR may also be an
aspect of its function at OriP. A recent study demonstrated
that TNKS is required for separation of sister chromatid telo-
meres in late stages of metaphase (17). It is tempting to spec-
ulate that TNKS binding and PAR modification of EBNA1
regulate aspects of OriP-dependent plasmid segregation at the
end of metaphase, similar to what is observed at cellular telo-
meres. TNKS2 overexpression has been reported to induce
apoptosis in some cell types, and it is possible that some of the
inhibitory activity of TNKS2 may be attributed to an indirect
effect on cell proliferation (22). Although the precise mecha-
nism of TNKS function at OriP remains unclear, our findings
that TNKS binds and modifies EBNA1 provide further evi-
dence that OriP has borrowed features of cellular telomere
maintenance to regulate viral genome stability.
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