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Latent infection by Epstein-Barr virus (EBV) requires both replication and maintenance of the viral genome.
EBV nuclear antigen 1 (EBNA1) is a virus-encoded protein that is critical for the replication and maintenance
of the genome during latency in proliferating cells. We have previously demonstrated that EBNA1 recruits the
cellular origin recognition complex (ORC) through an RNA-dependent interaction with EBNA1 linking region
1 (LR1) and LR2. We now show that LR1 and LR2 bind to G-rich RNA that is predicted to form G-quadruplex
structures. Several chemically distinct G-quadruplex-interacting drugs disrupted the interaction between
EBNA1 and ORC. The G-quadruplex-interacting compound BRACO-19 inhibited EBNA1-dependent stimula-
tion of viral DNA replication and preferentially blocked proliferation of EBV-positive cells relative to EBV-
negative cell lines. BRACO-19 treatment also disrupted the ability of EBNA1 to tether to metaphase chromo-
somes, suggesting that maintenance function is also mediated through G-quadruplex recognition. These
findings suggest that the EBNA1 replication and maintenance function uses a common G-quadruplex binding
capacity of LR1 and LR2, which may be targetable by small-molecule inhibitors.

Epstein-Barr virus (EBV) is a human gamma herpesvirus
that has been implicated in several lymphoid and epithelial cell
malignancies (reviewed in reference 60). EBV establishes a
long-term latent infection in memory B lymphocytes, where
the genome is maintained as a multicopy, chromatinized epi-
some (9). Episome stability in proliferating B cells requires
that the viral genome be replicated and faithfully segregated
during each cellular division (22, 34). The EBV episomal
minichromosome has a genetically defined origin of plasmid
replication, referred to as OriP (59). OriP can function as an
efficient origin of DNA replication and is thought to be essen-
tial for stable maintenance of the viral episome in proliferating
cells (58). OriP recruits several components of the cellular
replication machinery, including subunits of the origin recog-
nition complex (ORC) and minichromosome maintenance
proteins, and replicates indistinguishably from cellular chro-
mosomal origins of replication (8, 13, 42, 43). ORC recruit-
ment to OriP is thought to be essential for replication initiation
function but may also be important for other functions, includ-
ing episome maintenance and chromatin organization (56).
ORC recruitment to OriP requires the virus-encoded protein
EBV nuclear antigen 1 (EBNA1), but other factors may also
contribute to ORC recruitment and function at OriP (2, 11, 12).

EBNA1 is essential for maintaining the latent viral episome
during latency. Genetic disruption of EBNA1 from EBV leads
to a profound reduction in B-cell transforming activity and
an inability to establish episomal latency (28). EBNA1 has
several well-characterized functions and protein domains. The
EBNA1 C terminus comprises a DNA-binding domain (DBD)

with structural similarities to human papillomavirus E2 (5).
The DBD binds with high affinity to an �18-bp palindromic
site that is repeated throughout OriP. OriP contains two dis-
tinguishable sites of EBNA1 binding, the family of repeats and
the dyad symmetry (DS). The family of repeats is a cluster of
20 EBNA1-binding sites that is important for transcription
regulation and episome segregation and maintenance (57).
The DS contains two EBNA1 paired-binding sites, the spacing
of which is critical for DNA replication initiation function (4).

The replication and plasmid maintenance function of
EBNA1 depends on linking region 1 (LR1) and LR2. LR1 and
LR2 consist of arginine- and glycine-rich stretches that resem-
ble RGG motifs, which have been described for several RNA-
binding proteins (6). LR1 and LR2 have RNA-binding activity,
but the significance of this RNA binding has not been clearly
established (30, 51). LR1 and LR2 also possess HMGA1a-like
AT hooks that confer AT-rich DNA-binding activity (44, 45).
HMGA1a AT hook activity has been implicated in origin for-
mation at several cellular origins (53). LR1 and LR2 have been
noted to have homotypic binding activity and form higher-
order structures in electrophoretic mobility assays (3, 15, 31).
LR2 can also interact with cellular proteins P32/TAP (54, 55)
and EBP2 (48). In addition, LR1 and LR2 confer the meta-
phase chromosome-binding activity of EBNA1, which is
thought to be a critical component of the episome mainte-
nance function (32, 33, 45). In addition to these functions in
DNA replication and plasmid maintenance, EBNA1 is also
essential for transcription activation of other viral genes during
latent infection in primary B cells (1). The transcription activity
was mapped to two regions in the N-terminal domain, referred
to as the unique region 1 and LR2 (25, 56). How these various
domains of EBNA1 confer transcription, replication, and plas-
mid maintenance function are not completely understood.

Our previous work has demonstrated that EBNA1 recruits
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ORC to the DS directly through the RGG-like motifs found in
LR1 and LR2 (37). RGG domains were first identified in
nucleolin and are known for their RNA-binding ability (26).
We found that the interaction between ORC and EBNA1 was
RNA dependent. Previous studies, as well as our own, have
shown that EBNA1 RNA binding is sequence independent but
has a strong preference for G-rich RNA (30, 51). Our previous
study indicated that EBNA1 bound preferentially to struc-
tured RNA, as demonstrated by the altered mobility of a
G-rich RNA probe during gel electrophoresis. Other RGG-
like RNA binding proteins are known to bind in a structure-
specific, rather than sequence-specific, manner. Both nucleolin
and fragile-X mental retardation protein (FMRP) bind to
structured G-quadruplex RNA (10, 17). Based on the protein
domain similarities between EBNA1 and FMRP, we decided
to investigate if EBNA1 also had a preference for G-quadru-
plex RNA.

G-quadruplex structures occur when four guanine bases in-
teract through noncanonical Hoogstein base pairing to form
planar G-quartets, which in turn form stacks (reviewed in ref-
erence 20). A minimum of two stacked G-quartets will form a
G-quadruplex, but stacks of three or more G-quartets have
higher stability. In general, RNA G-quadruplexes are more
stable than DNA structures. Many different forms of G-quad-
ruplex structures exist and can be distinguished, for example,
by the parallel or antiparallel orientation of the loops that
accommodate the G-tetrads. G-quadruplexes, including those
that form at the single stranded G-rich DNA overhangs found
at telomeres, have been implicated in many different functions
(38). G-quadruplex formation at telomeres is thought to limit
template accessibility to telomerase and contribute to telomere
length regulation (21). G-quadruplex-interacting compounds,
such as TMPyP4 and BRACO-19, prevent telomerase function
at telomeres, presumably by blocking telomerase access to
G-rich telomere DNA (7, 46). Both TMPyP4 and BRACO-19
have been used to selectively inhibit cell growth of telomerase-
dependent tumor cells. G-quadruplexes can also form in tran-
scription-regulatory regions of various genes, including the c-
Myc gene (49, 50).

In the present study, we investigated the RNA-binding prop-
erties of EBNA1. We explored the sequence and structural
features of RNA that bind EBNA1 in vitro. We also used
G-quadruplex-interacting compounds to determine the role of
G-quadruplex RNA in mediating EBNA1 functions in vitro
and in vivo. We present evidence that G-quadruplex-interact-
ing compounds may be useful for the pharmacological inhibi-
tion of EBNA1-dependent replication and metaphase chromo-
some attachment.

MATERIALS AND METHODS

Cell lines, constructs, and antibodies. HeLa cells were cultured in Dulbecco
modified Eagle medium supplemented with 10% fetal bovine serum, 2 mM
Glutamax, and 100 IU/ml penicillin-streptomycin. DG75, BJAB, Raji, LCL3456,
and LCL 3472 cells were cultured in RPMI supplemented with 10% fetal bovine
serum, 2 mM Glutamax, and 100 IU/ml penicillin-streptomycin. Glutathione
S-transferase (GST)-LR1, GST-LR2, ORC1 peptides, and constructs used for
transient replication assay have all been previously described (37). Briefly, GST-
LR1 and GST-LR2 were generated with primers that amplified the regions from
amino acid (aa) 30 to 53 and 328 to 350, respectively, and cloned into the
EcoRI-BamHI sites of pGEX-4T vector. GST-ORC1 aa 1 to 200, GST-ORC1 aa
201 to 511, and GST-ORC1 aa 512 to 861 were generated in the same manner.

All proteins were expressed in Bcl Star cells (Invitrogen), purified over glutathi-
one-Sepharose beads (Amersham), and dialyzed into D150 buffer (20 mM
HEPES [pH 7.9], 20% glycerol, 1 mM EDTA, 150 mM KCl, 1 mM dithiothreitol,
1 mM phenylmethylsulfonyl fluoride). For the replication assay, full-length
EBNA1 (FL-EBNA1) (lacking Gly-Ala repeats), the DBD (aa 454 to 640), or
four tandem copies of LR1 (aa 30 to 56) fused to the DBD (4�LR1-DBD) was
cloned into the 3�Flag CMV 24 vector (Sigma). pHeBo was used as the reporter
plasmid (52). For metaphase spreads, either the amino terminus of EBNA1 (aa
1 to 440) was cloned into the BglII/EcoRI sites of pmCherry-C1 (Clontech
Laboratories, Inc.) or FL-EBNA1 (lacking Gly-Ala repeats) was cloned into the
Asp718/BglII sites of pEGFP (Clontech).

For immunoprecipitation, polyclonal rabbit EBNA1 (305/10wk) was used (16).
For Western blotting, monoclonal EBNA1 (ABI), ORC2 (MBL), GST (Santa
Cruz), �-actin (Sigma), and Flag (Sigma) antibodies were used according to the
manufacturer’s directions.

TMPyP2, TMPyP3, and TMPyP4 can be purchased from Frontier Scientific,
and BRACO-19 was synthesized by C. Meyers at the Fox Chase Cancer Center.

EMSA and replication assay. Electrophoretic mobility shift assay (EMSA)
conditions have been previously described (37). Briefly, the probe was end
labeled with [�-32P]ATP and T4 polynucleotide kinase. Labeled probe (10 pM)
was incubated with purified protein (�100 nM) in D150 for 30 min at room tem-
perature and then loaded on a 1.5% horizontal agarose gel in 1/2� Tris-borate-
EDTA. Gels were dried on DE81 paper and exposed overnight for PhosphorImager
analysis. The replication assay has been previously described (11).

Immunoprecipitation, GST pulldown assay, and retention assay. Immunopre-
cipitation for Raji cells and GST pulldown assays have been previously described
(2). The only modification was that the wash buffer was supplemented with 10
�M TMPyP2, TMPyP3, TMPyP4, or BRACO-19 as indicated. For the retention
assay, GST protein was immobilized on glutathione-Sepharose beads as de-
scribed for the GST pulldown assay. The bead-bound protein was then washed
three times in wash buffer supplemented with 10 �M BRACO-19 and 20 �g/ml
RNase A (Sigma). The bead-bound protein slurry was spotted onto Whatman
paper and allowed to air dry. An image was taken with a digital camera, and
BRACO-19 retention was quantified using ImageQuant.

Genome maintenance assay. Genome copy number was measured by real-time
PCR as described previously (62). Cells were either mock treated or treated with
10 �M BRACO-19 and harvested 3 days later. Genome copy number was
analyzed by quantitative PCR with primers specific to EBV DS or the cellular
�-actin gene.

Viability assay and propidium iodide staining. DG75, BJAB, Raji, LCL3456,
and LCL3472 cells were plated at 2.5 � 105 cells per ml, cultured as described
above, and supplemented with 10 �M BRACO-19 as indicated. Cells were
collected at day 3 and resuspended at a concentration of 2.5 � 105 cells per ml
in medium containing 10 �M BRACO-19 for an additional 3 days. After 6 days
of treatment, cells were washed twice in 1� phosphate-buffered saline (PBS),
resuspended in 80% ethanol, and incubated at �20°C. Cells were collected by
centrifugation and resuspended in 1� PBS supplemented with 20 �g/ml pro-
pidium iodide (Sigma) and 6 �g/ml RNase A (Sigma). Cells were then analyzed
by flow cytometry.

Metaphase spreads and epifluorescence. Generation of metaphase spreads
and epifluorescence have been previously described (33). Briefly, HeLa cells
were transfected with either the empty Cherry or green fluorescent protein
(GFP) vector or Cherry-EBNA1 (1 to 440) or GFP–FL-EBNA1 constructs.
Cherry-transfected cells were collected at 24 h posttransfection, and cells ex-
pressing high levels of fluorescence were collected by fluorescence-activated cell
sorting. GFP-positive cells were not sorted since they expressed uniformly high
levels after transfection (�60% positive). Cells were replated in 0 or 10 �M
BRACO-19 and then at 24 h postsorting were treated with 0.1 �g/ml colcemid
(Roche) for 24 h. After 72 h posttransfection, cells were stained with 1 �g/ml
Hoechst 33342 for 15 min and immediately collected by gentle pipetting, washed
once in 1� PBS, resuspended in 75 mM KCl, and incubated for 20 min at room
temperature. Cells were affixed to slides by cytocentrifugation (500 rpm, 3 min).
Coverslips were affixed to slides immediately with 20% glycerol in 1� PBS and
observed for fluorescence.

RESULTS

EBNA1 LRs bind to G-quadruplex RNA. We and others
have shown that EBNA1 is able to bind RNA through its LR1
and LR2 domains (30, 37, 51). Our previous studies suggest
that EBNA1 binds structured G-rich RNA, but the precise
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nature of this structure remains unknown. To further investi-
gate the nature of the RNA structures bound by EBNA1, we
employed an EMSA using agarose gels to test the abilities of
various RNA and DNA probes to bind LR1 or LR2 (Fig. 1).
We compared RNA probes that were 30 nucleotides in length
and that were predicted to form intramolecular G-quadruplex
structures (RNA 01, RNA 03, and RNA 05), were not likely to
form intramolecular G-quadruplex structures (RNA 06, RNA
07, and RNA 08), or were G poor (RNA 02 and RNA 04). We
also designed a 30-nucleotide G-quadruplex DNA probe

(RNA 09) and a G-rich double-stranded DNA probe that
could not form an intramolecular G-quadruplex structure
(RNA 10). Sequences having at least four separate clusters of
two or more guanine nucleotides can form stable intramolec-
ular G-quadruplexes, and stability is increased when the clus-
ters contain three or more guanines and when the loops be-
tween the clusters are short (20). We used these considerations
to assign G-quadruplex formation potentials for the different
probes (Fig. 1B and D).

We found that purified GST-LR1 and GST-LR2 bound

FIG. 1. EBNA1 LR1 and LR2 bind to G-quadruplex RNA. (A) Schematic of EBNA1 protein. LR1 and LR2 are shown in blue, and the DBD is
represented in green. (B) Representative image of a G-quadruplex structure. (C) The ability of EBNA1 LR1 and LR2 to bind to various RNA and DNA
probes was determined by EMSA. Purified GST, GST-LR1, or GST-LR2 was incubated with 32P-labed probes and separated by electrophoresis on
agarose gels. Bound and free probes are indicated by arrows. (D) List of probe sequences. All guanines that could potentially contribute to G-
quadruplexes are in bold, and the ability of the probe to form a G-quadruplex is indicated. The results of LR1/LR2 EMSA are also indicated.
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preferentially to the RNA probes that have intramolecular
G-quadruplex-forming capability (RNA 01, RNA 03, and
RNA 05) (Fig. 1C). GST alone did not bind to any of the
probes. The binding appears to be better for the canonical
G-quadruplex probes RNA 03 and RNA 05, which have three
stacks, rather than the less stable two stacks, and shorter loops
than the RNA 01 probe. We were unable to detect any binding
by GST-LR1 and GST-LR2 to the non-G-quadruplex G-rich
RNA (probes RNA 06, RNA 07, and RNA 08), which were
scrambled versions of RNA 01, nor do they appear to bind to
the G-poor RNA (probes RNA 02 and RNA 04). Further-
more, GST-LR1 and GST-LR2 did not bind to the DNA
probes (either the single stranded G-quadruplex DNA [probe
DNA 09] or the G-rich double-stranded DNA [probe DNA
10]). This suggests that GST-LR1 and GST-LR2 have a pref-
erence for G-rich RNA with predicted G-quadruplex-forming
capability.

G-quadruplex-interacting molecules disrupt EBNA1 re-
cruitment of ORC. We have previously demonstrated that
EBNA1 interaction with ORC can be seen by coimmunopre-
cipitation from EBV-positive cell lines (37). Furthermore, only
the LR1 or LR2 region of EBNA1 is necessary to recruit ORC
from HeLa nuclear extract. In both cases, RNA is critical for
this interaction, but the role of RNA structure is not fully
known. The data in Fig. 1 strongly support the hypothesis that
EBNA1 recognizes structured G-quadruplex RNA; however,
we wanted to determine if structure was also important in
EBNA1 interaction with and recruitment of ORC. Therefore,
we used a series of G-quadruplex-specific compounds,
TMPyP3, TMPyP4, and BRACO-19, to probe the role of RNA
structure in EBNA1 recruitment of ORC. TMPyP3 and
TMPyP4 are cationic porphyrins that exhibit specificity for
G-quadruplex structures, both DNA and RNA (47). TMPyP4
has been used to study the role of G-quadruplex DNA at both
telomeres as well as at the c-Myc promoter. TMPyP2 is a
positional isomer of TMPyP3 and TMPyP4 with low specificity
for G-quadruplex structures. BRACO-19 is a trisubstituted
acridine that also interacts specifically with G-quadruplex
structures, both DNA and RNA (41). BRACO-19 has been
used to illustrate the role of G-quadruplex DNA at telomeres.
These compounds were tested for their ability to interfere with
EBNA1 interactions with ORC (Fig. 2).

When EBNA1 was immunoprecipitated from EBV-positive
Raji cell extracts, ORC subunit ORC2 coimmunoprecipitated
(Fig. 2A, control lane). The addition of 10 �M TMPyP2 to the
wash buffer did not disrupt ORC2 coimmunoprecipitation by
EBNA1. However, the addition of 10 �M G-quadruplex-spe-
cific compounds TMPyP3, TMPyP4, and BRACO-19 dis-
rupted the association of ORC2 with EBNA1. We next looked
at the ability of GST-LR1 to recruit ORC2 from HeLa nuclear
extract in the presence of these compounds. As previously
shown, GST-LR1 is able to efficiently recruit ORC2 from
HeLa nuclear extract, and 10 �M TMPyP2 did not disrupt this
interaction (Fig. 2B). However, the addition of 10 �M
TMPyP3, TMPyP4, and BRACO-19 completely disrupted the
interaction between EBNA1 LR1 and ORC2. These com-
pounds also disrupted GST-LR2 interaction with ORC2 (data
not shown). These findings suggest that EBNA1 interaction
with ORC may be mediated by G-quadruplex RNA.

One of the observations during the GST pulldown assay was

that the pigmented compounds TMPyP3, TMPyP4, and
BRACO-19 appeared to be enriched on the bead-bound LR1
and LR2 peptides in the absence of other cellular proteins.
When either GST or GST-LR1 was immobilized on glutathi-
one beads and washed in the presence of 10 �M BRACO-19,
there was an enrichment of BRACO-19 compound by GST-
LR1 relative to GST alone, as seen by the accumulation of

FIG. 2. G-quadruplex-interacting compounds disrupt EBNA1 re-
cruitment of ORC. (A) EBNA1 was immunoprecipitated from Raji
cells, and the bead-bound complex was washed in the absence or
presence of 10 �M G-quadruplex-interacting drugs (TMPyP3,
TMPyP4, and BRACO-19) or a noninteracting analogue (TMPyP2) as
indicated. Protein was eluted, separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, and subjected to Western blotting
with the indicated antibody. (B) Purified GST or GST-LR1 was bound
to glutathione-Sepharose beads and incubated with HeLa nuclear ex-
tract. The bead-bound protein complex was washed in the absence or
presence of 10 �M G-quadruplex-interacting drugs, as indicated. As-
sociated proteins were determined as for panel A. (C) Purified GST or
GST-LR1 was bound to glutathione-Sepharose beads and washed in
the absence or presence of 10 �M BRACO-19, with or without 20
�g/ml RNase A, as indicated. The Sepharose beads were then blotted
onto Whatman paper and dried. A digital image was taken, and the
efficiency of BRACO-19 retention was scored as pigment intensity
using ImageQuant. The percent BRACO-19 retention is indicated
beneath each lane, normalized to the GST-LR1 control lane in the
presence of BRACO-19.
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pigmented compound on the beads (Fig. 2C). The addition of
20 �g/ml RNase A partially decreases BRACO-19 association
with GST-LR1, by �33%. Since the G-quadruplex RNA may
be partially resistant to RNases, it may not be surprising that
RNase could not eliminate all of the BRACO-19 bound to
LR1. These results suggest that LR1 and LR2 bind
BRACO-19 through a tight association with G-quadruplex
RNA that remained bound to the EBNA1 peptide during the
purification from bacterial cells.

We next examined the effects of G-quadruplex-specific drugs
on the RNA-binding properties of EBNA1 LR1 in EMSA (Fig.
3A). The addition of either 10 �M or 50 �M TMPyP2 did not
alter GST-LR1 binding to a consensus G-quadruplex-forming
RNA probe (RNA 05). The addition of 10 �M TMPyP3 had a
small inhibitory effect on RNA binding. Addition of 50 �M
TMPyP3 caused a significant loss of binding and an accumu-
lation of probe in the well. Similarly, both 10 �M and 50 �M
BRACO-19 caused a disruption of LR1 RNA binding in
EMSA. The inhibition of RNA binding correlated with the
accumulation of the unbound probe in the well. We propose
that both TMPyP3 and BRACO-19 bind to the G-quadruplex
RNA, causing the probe to aggregate in the well and reduce its
ability to migrate into the gel during electrophoresis. The ad-
dition of GST-LR1 appeared to increase the solubility of the
unbound probe in the presence of the G-quadruplex drugs,
suggesting that the GST-LR1 may alter the aggregation in-
duced by TMPyP3 and BRACO-19 binding. GST-LR2 be-
haved similar to GST-LR1 in these assays (data not shown).

Our previous work had shown that EBNA1 interacts with a
specific subdomain of ORC1 (aa 201 to 511) (37). To deter-
mine if the interaction between ORC1 aa 201 to 500 and
EBNA1 depended on G-quadruplex RNA, we assayed the
effects of BRACO-19 on complex formation in EMSA (Fig.
3B). In the absence of BRACO-19, ORC1 aa 201 to 511 bound
to the G-quadruplex RNA probe (RNA 05) but not to the
G-poor RNA probe (RNA 02) (Fig. 3B, lane 3, upper and
lower panels). The BAH-containing domain of ORC1 (aa 1 to
200) also bound weakly to the structured RNA probe, while
that ATPase domain (aa 512 to 861) had no detectable binding
activity (Fig. 3B, lanes 2 and 4, upper panel). FL-EBNA1
protein bound specifically to the G-quadruplex RNA probe but
not to the control probe, as expected (Fig. 3B, lane 5, upper
and lower panels). Addition of ORC1 aa 201 to 511 together
with EBNA1 produced two major species but did not produce
a clear supershift complex, perhaps due to the limiting size of
the 30-nucleotide RNA probe (Fig. 3B, lane 8, upper panel). In
the presence of 100 �M BRACO-19, binding of ORC1 aa 201
to 511 was not altered but the weaker binding of ORC1 aa 1 to
200 was disrupted (Fig. 3B, lanes 12 and 13, upper panel).
Surprisingly, the addition of BRACO-19 abrogated EBNA1
binding to the G-quadruplex RNA in all cases except when
ORC1 aa 201 to 511 was also present (Fig. 3B, lane 18, upper
panel). This indicates that ORC1 aa 201 to 511 prevents theFIG. 3. G-quadruplex drugs alter binding between EBNA1 and

RNA (A) Binding between purified GST-LR1 and the 32P-labeled
G-quadruplex probe RNA 05, in the absence or presence of 10 or 50
�M TMPyP2, TMPyP3, or BRACO-19, was measured by EMSA. The
protein-bound probe is indicated by an arrow. (B) The ability of ORC1
peptides to bind to either G-quadruplex RNA or G-poor RNA was
measured by EMSA. Purified GST, GST-ORC1 aa 1 to 200, GST-
ORC1 aa 201 to 511, or GST-ORC1 aa 512 to 861 was incubated with
either the 32P-labeled G-quadruplex probe RNA 05 or the 32P-labeled
G-poor probe RNA 02 (lanes 1 to 4). Purified FL-EBNA1 was

included with these reactions (lanes 5 to 9). The effect of 100 �M
BRACO-19 on binding by these complexes was then tested (lanes 10 to
19). ORC1/RNA and EBNA1/RNA complexes are indicated by ar-
rows.
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BRACO-19 induced disruption of RNA binding by EBNA1.
One interpretation of this result is that ORC1 aa 201 to 511
competes with BRACO-19 for binding to G-quadruplex RNA.

BRACO-19 reduces EBV copy number and inhibits growth
of EBV-positive cells. To investigate the potential role of G-
quadruplex RNA on EBNA1 functions in live cells, we first
tested the effect of BRACO-19 on EBV genome copy number
in latently infected Raji Burkitt lymphoma cells (Fig. 4A). Raji
cells were used for this assay because they maintain a high copy
number of EBV episomes and are incapable of lytic cycle
replication. We found that after 3 days of treatment with 10
�M BRACO-19, there was a small but statistically significant
decrease in EBV DNA relative to cellular DNA as measured
by quantitative PCR. Longer treatments appeared to reduce
Raji cell viability (Fig. 4C). Since EBNA1 can also regulate
EBV transcription, we analyzed the effects of BRACO-19 on
the mRNA expression for EBNA1, EBNA2, EBNA3A, and
LMP1 relative to cellular GAPDH (glyceraldehyde-3-phos-
phate dehydrogenase) mRNA (Fig. 4B). Quantitative reverse
transcription-PCR analysis revealed that BRACO-19 treat-
ment caused a modest decrease (�20%) in EBNA2 and
EBNA3A mRNA expression but no significant change in that
of EBNA1 or LMP1 (Fig. 4B).

We next tested the effect of BRACO-19 on the viability of
various EBV-positive and -negative cell lines (Fig. 4C). Cells
were cultured for 6 days in the presence of 10 �M BRACO-19
and then analyzed by propidium iodide staining and flow cy-
tometry. We found that there was no significant effect on
viability of BJAB and DG75 cells, two EBV-negative B-cell
lines (Fig. 4C). However, the three EBV-positive B-cell lines,
Raji, LCL3456, and LCL3472, all had decreased viability in the
presence of BRACO-19. These findings suggest that
BRACO-19 preferentially inhibits viability of a several EBV-
positive cell lines.

BRACO-19 inhibits EBNA1-dependent replication of OriP.
We next tested the effects of BRACO-19 on the ability of
EBNA1 to stimulate OriP-dependent DNA replication in tran-
sient-transfection assays (Fig. 4D to F). We compared FL-
EBNA1, the EBNA1 DBD, and 4�LR1-DBD for their abili-
ties to stimulate an OriP-containing reporter plasmid in HeLa
cells (Fig. 4D). We had previously shown that the 4�LR1-
DBD construct is sufficient to rescue the levels of replication to
nearly 70% of the levels of FL-EBNA1 (37). OriP-containing
plasmid DNA was harvested from cells at 3 days posttransfec-
tion, and replication was measured by Southern blotting for
resistance to methylation-specific DpnI digestion. We found
that addition of 10 �M BRACO-19 inhibited OriP replication
by �3-fold for FL-EBNA1, as well as for 4�LR1-DBD (Fig.
4E). EBNA1 DBD alone did not stimulate significant levels of
OriP replication, and BRACO-19 did not have any effect on
this background activity. In all cases, 10 �M BRACO-19 did
not alter the protein expression level relative to that of the
untreated control (Fig. 4E, lower panel). Furthermore, 10 �M
BRACO-19 did not grossly alter the HeLa cell cycle profile as
evidenced by propidium iodide staining and analysis after 3
days of treatment (Fig. 4F). These findings suggest that
BRACO-19 preferentially inhibits EBNA1-dependent DNA
replication in cells and does not inhibit cell division generally
in HeLa cells.

BRACO-19 inhibits EBNA1 metaphase chromosome attach-
ment. The LR1 and LR2 domains of EBNA1 have also been
implicated in metaphase chromosome attachment. To test if
structured RNA plays a role in this EBNA1 function, we gen-
erated an EBNA1 amino-terminal domain (aa 1 to 440) fusion
protein with fluorescent Cherry protein. This Cherry-EBNA1	
fusion protein (which lacks the DBD but contains LR1 and
LR2) was transfected into HeLa cells and compared to the
parent Cherry vector in a parallel control. At 24 hours post-
transfection, the cells were trypsinized and subjected to fluo-
rescence-activated cell sorting. Cells that expressed high levels
of the red fluorescent Cherry fusion protein were collected.
These fluorescently positive cells were plated and then treated
with either 0 �M (mock treatment) or 10 �M BRACO-19.
After 24 h of BRACO-19 treatment, the cells were arrested
with colcemid. After 72 h from the initial transfection, cells
were examined for epifluorescence of the Cherry proteins and
its colocalization to metaphase chromatin. Metaphase spreads
were made without fixation to preserve epifluorescence. Rep-
resentative images are shown in Fig. 5A. As expected, the
Cherry peptide alone did not colocalize with metaphase chro-
matin (Fig. 5A, left column). The Cherry-EBNA1	 fusion pro-
tein containing LR1 and LR2 efficiently attached to metaphase
chromatin, and the majority, nearly 70%, of all examined
metaphase spreads were positive for EBNA1 colocalization
(Fig. 5A middle column, and B). The addition of 10 �M
BRACO-19 caused an �2-fold reduction in Cherry-EBNA1	
association with metaphase chromosomes (Fig. 5A, right col-
umn, and B). Cherry-EBNA1	 expression levels were not af-
fected by the addition of BRACO-19 to the culture medium
(Fig. 5C).

To eliminate any concerns that Cherry-EBNA1	 behaves
differently than FL-EBNA1 in metaphase chromosome attach-
ment, we repeated the metaphase attachment assay using
GFP–FL-EBNA1 (Fig. 5D and E). We observed that �50% of
HeLa cells scored positive for GFP–FL-EBNA1 at 24 h post-
transfection. Transfected cells were then treated with 0 or 10
�M BRACO-19 and assayed for association with metaphase
chromosomes using the same methods as described for Cherry-
EBNA1	. No GFP localized to metaphase chromosomes in
control pEGFP-transfected cells (Fig. 5D, left column). GFP–
FL-EBNA1-transfected cells that were mock treated scored
�50% positive for colocalization with metaphase chromo-
somes. In contrast, GFP–FL-EBNA1-transfected cells treated
with 10 �M BRACO-19 scored �10% positive (Fig. 5D and
E). These results indicate that BRACO-19 treatment caused a
fivefold reduction in GFP–FL-EBNA1 colocalization to meta-
phase chromosomes. Taken together, these results demon-
strate that BRACO-19 treatment can reduce metaphase at-
tachment of EBNA1	, as well as FL-EBNA1, suggesting that
it disrupts the tethering function of LR1 and LR2.

DISCUSSION

In this work, we investigated the role of EBNA1 RNA bind-
ing and found that EBNA1 binds preferentially to RNA capa-
ble of forming G-quadruplex structures. The contributions of
G-quadruplexes to cellular biology are becoming increasingly
appreciated. DNA G-quadruplex structures have been identi-
fied as being important in telomere biology as regulators of
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FIG. 4. G-quadruplex drugs selectively kill EBV-positive cells and inhibit EBNA1-dependent replication at DS. (A) The copy number of the
EBV genome was measured in EBV-positive Raji cells after 3 days of treatment, either mock (control) or 10 �M BRACO-19. Whole-cell DNA
was extracted, and quantitative PCR with primers to either DS or �-actin was used to determine the relative ratio of EBV genome to cellular DNA.
The unpaired t test was used to determine statistical significance between samples, and * denotes a two-tailed P value of less than 0.026. Error bars
indicate standard deviations. (B) Reverse transcription-PCR (RT-PCR) analysis of mRNAs for EBNA1, EBNA2, EBNA3A, and LMP1 relative
to cellular GAPDH mRNA in Raji cells treated with 0 or 10 �M BRACO-19 for 3 days. (C) The EBV-negative cell lines BJAB and DG75 and
the EBV-positive cell lines Raji, LCL3456, and LCL3472 were cultured in the absence (control) or presence of 10 �M BRACO-19. After 6 days,
cells were collected and stained with propidium iodide, and their cell cycle profile was analyzed by flow cytometry. Percentages of live cells are
represented by the bar graph. The unpaired t test was used to determine statistical significance between samples and is indicated above the bars.
Samples with a two-tailed P value of less than 0.007 are denoted by **, while samples with a two-tailed P value of less than 0.02 are denoted by
*. (D) Schematic of constructs used in transient replication assay. The top protein schematic represents Flag-tagged FL-EBNA1. LR1 and LR2
are represented in blue, DBD in green, and the Flag tag in yellow. The middle protein schematic represents Flag-tagged DBD. The bottom protein
schematic represents a Flag-tagged fusion peptide with 4�LR1-DBD. (E) Transient-replication assay. The constructs described in panel D were
cotransfected into HeLa cells in the absence or presence of 10 �M BRACO-19, and DNA was harvested at 72 h posttransfection. DNA was either
linearized with BamHI or digested with DpnI and separated by gel electrophoresis, and a reporter plasmid-specific probe was used to visualize
replication. Percent replication was measured by PhosphorImager analysis and quantified by ImageQuant, with replication by FL-EBNA1 set at
100% replication (bottom left panel). (F) Samples of HeLa cells were also stained with propidium iodide (PI) and analyzed by flow cytometry to
determine effects of BRACO-19 on cell cycle profile (bottom panel).
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FIG. 5. EBNA1 attachment to metaphase chromosomes is disrupted by G-quadruplex compounds (A) HeLa cells were transfected with either
Cherry-EBNA1 (aa 1\ to 440) (denoted as Cherry-EBNA1	) or Cherry vector alone, sorted for red fluorescent protein (RFP) signal, replated, and
then treated with 0 or 10 �M BRACO-19. The experimental design is shown in the schematic. Representative images of DNA staining (blue),
Cherry protein localization (red), or the merge image are shown. Beneath each column a merge image of one of the metaphase spreads from the
field is enlarged for detail. (B) Percentage of nuclei that scored as being positive for Cherry protein colocalization to metaphase spreads. n
represents the number of metaphase spreads scored for each condition. The unpaired t test was used to determine statistical significance between
treated and untreated Cherry-EBNA1 and is indicated above the bars. Samples with a two-tailed P value of 0.0001 are denoted by **. Error bars
indicate standard deviations. (C) To ensure that 10 �M BRACO-19 did not alter Cherry-EBNA1 expression, protein samples were collected and
examined with antibody against either EBNA1 or �-actin by Western blotting. (D) GFP-FL-EBNA1 attachment to metaphase chromosomes in
the presence of 0 or 10 �M BRACO-19 was also examined. HeLa cells were transfected with either GFP vector or GFP–FL-EBNA1. Metaphase
spreads were examined by epifluorescence for GFP association with metaphase chromosomes. Representative metaphase spreads showing the
merged image of DNA (blue) and GFP protein colocalization (green) have been enlarged for detail. (E) Quantification of nuclei from the
experiment shown in panel D. n represents the number of metaphase spreads scored for each condition. The unpaired t test was used to determine
statistical significance between treated and untreated GFP–FL-EBNA1 and is indicated above the bars. Samples with a two-tailed P value of 0.0001
are denoted by **.
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telomerase activity (39, 61). Recent studies also have shown
the emerging importance of G-quadruplexes in promoters as
an added layer of transcriptional regulation (reviewed in ref-
erence 40). While there are fewer cases of RNA G-quadru-
plexes, one well-characterized interaction is between the
RGG-like protein FMRP and RNA G-quadruplexes (10).
FMRP binds to sites within its own transcripts that form G-
quadruplexes. It has been demonstrated that FMRP binding to
its own transcript acts as an exonic splicing factor rather than
as a translational inhibitor (14). However, there are cases of
translational inhibition by G-quadruplexes, as seen in the 5

untranslated region of the N-ras gene (27).

One of the goals of this study was to determine if EBNA1
bound to RNA in a sequence- or structure-specific manner. In
EMSA, EBNA1 LR1 and LR2 bound most efficiently to RNAs
that were predicted to form the most stable G-quadruplex
structures. To be sure that EBNA1 binding was driven by
G-quadruplex structure and not guanine content, three scram-
bled versions of the G-quadruplex probe RNA 01 were gener-
ated (RNA 05, RNA 06, and RNA 07). These probes are
unlikely to form G-quadruplexes and did not bind EBNA1.
LR1 and LR2 had no detectable binding affinity for G-quad-
ruplex DNA, indicating that only G-quadruplex RNA is rec-
ognized by EBNA1. G-quadruplex RNA is likely to be found
among many RNA species in human cells. Interestingly,
EBNA1 mRNA sequences that encode LR1 and LR2 are pre-
dicted to form G-quadruplex structures, and our EMSAs,
shown here and previously, indicate that EBNA1 can bind with
moderate affinity to its own transcript (RNA 01) (37). While
other G-quadruplex RNAs may mediate interactions with rep-
lication factors, like ORC1, and metaphase tethering targets,
EBNA1 may also regulate its own mRNA stability, processing,
or translational efficiency through LR1 or LR2 binding to the
EBNA1 mRNA.

G-quadruplex-interacting molecules were used to further
investigate the biochemical and functional properties of
EBNA1. We found that the G-quadruplex-specific compounds
TMPyP3, TMPyP4, and BRACO-19 interfered with EBNA1
recruitment of ORC from nuclear extracts (Fig. 2). Also, in
EMSA studies, the G-quadruplex-interacting compounds in-
terfered with recombinant GST-LR1 (and LR2 [data not
shown]) binding to G-quadruplex RNA oligonucleotides (Fig.
1). This appeared to result from the direct binding of these
compounds with the RNA, potentially competing with EBNA1
for binding. However, in the absence of exogenous RNA, GST-
LR1 was capable of binding to BRACO-19 (Fig. 2C). It is
possible that GST-LR1 binds with high avidity to bacterial
G-quadruplex RNA during the purification from Escherichia
coli and this may account for the interaction with BRACO-19.
We also observed that ORC1 (aa 200 to 511) peptide could
bind G-quadruplex RNA (Fig. 3). Addition of ORC1 aa 200 to
511 to GST-LR1 prevented the disruptive effects of BRACO-
19. The physical basis for these observations is not immediately
clear, but one possibility is that ORC1 competes with
BRACO-19 for access to G-quadruplex RNA. Combining
these results with those of the BRACO-19 retention assay, we
hypothesize that the G-quadruplex drugs may stabilize a G-
quadruplex RNA conformation that is different from the con-
formation recognized by EBNA1 or ORC1. Disruption of the
interaction between EBNA1 and ORC may be due to this

conformation stability or to steric interference that prevents
EBNA1 and ORC1 from binding the same G-quadruplex RNA
species.

Aside from demonstrating that EBNA1 binds structured
RNA, we were interested in the role of G-quadruplex RNA in
EBNA1 function during infection. Our first observation was
that BRACO-19 treatment moderately reduced EBV genome
copy number in Raji cells (Fig. 4A). BRACO-19 treatment also
had a modest inhibitory effect on transcription levels of
EBNA2 and EBNA3A (Fig. 4B), suggesting that G-quadruplex
RNA may be involved in EBNA1 transcription activation func-
tions. Longer-term treatment with BRACO-19 led to a loss of
cell viability, with EBV-positive cells showing greater sensitiv-
ity to BRACO-19 than EBV-negative cell lines (Fig. 4C). Be-
cause G-quadruplexes are involved in various cellular func-
tions, including telomere lengthening by telomerase, it is not
surprising that G-quadruplex-interacting compounds inhibit
cell viability at some concentration. However, the increased
sensitivity of EBV-positive cells to BRACO-19 treatment sug-
gests that there may be a therapeutic window through which
they BRACO-19 may preferentially inhibit EBV-specific en-
hancement of cell viability.

BRACO-19 was also found to inhibit EBNA1-dependent
DNA replication (Fig. 4E). The ability of the G-quadruplex-
interacting compound BRACO-19 to inhibit ORC recruitment
and EBNA1-dependent DNA replication supports the general
model that ORC recruitment by EBNA1 is necessary for rep-
lication initiation at OriP. Since EBV genomes can initiate
replication outside of OriP at some frequency (35, 36), it is not
clear whether the loss of ORC recruitment or OriP-dependent
DNA replication is sufficient to account for the loss of viability
of EBV-positive cells. BRACO-19 may also disrupt EBNA1
interactions with other cellular factors, including transcription
factors necessary for EBNA2 activation (Fig. 4B) or factors
involved in episome maintenance, such as EBP2. Thus, in
addition to ORC recruitment, it is possible that other func-
tional interactions mediated by G-quadruplex RNA are dis-
rupted by BRACO-19 treatment.

We also show that BRACO-19 is a potent inhibitor of
EBNA1 metaphase chromosome attachment (Fig. 5). Meta-
phase attachment has been mapped to the LR1 and LR2 re-
gions of EBNA1, which we have shown can bind to RNA that
has the ability to form G-quadruplexes in vitro. The fact that
BRACO-19 can disrupt EBNA1 interaction with metaphase
chromosomes suggests that G-quadruplex RNA mediates
some aspects of this process. Although several subunits of
ORC are known to associate with metaphase chromosomes,
ORC1 has been shown to be degraded after the completion of
S phase (29). Thus, it is unlikely that ORC1 is a metaphase
chromosome receptor protein for EBNA1 docking. Other cel-
lular proteins, such as EBP2, have been strongly implicated in
EBNA1 metaphase chromosome attachment (23, 24). Inter-
estingly, EBP2 orthologues in yeast have functions in rRNA
processing (18), suggesting that RNA may regulate some of
EBP2 activities or subcellular localization. It will be interesting
to determine if EBP2 interaction with EBNA1 can be regu-
lated by RNA, especially if that RNA is a G-quadruplex spe-
cies. The metaphase attachment function of LR1 and LR2 may
also involve direct interactions with AT-rich DNA. Both LR1
and LR2 can be replaced by the AT hook domain of the
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histone H1 or HMGA1a (19, 44, 45). Our previous study in-
dicated that the HMGA1a protein could bind G-rich RNA,
similar to LR1 and LR2. Thus, it remains possible that meta-
phase chromosome attachment is mediated by RNA G-quad-
ruplex interactions, in addition to the AT-rich DNA and
protein receptors that physically associate with metaphase
chromosomes.

In conclusion, we have found that EBNA1 LR1 and LR2
have a strong preference for G-quadruplex RNA and that
G-quadruplex RNA-interacting drugs block functions of
EBNA1 critical for viral DNA replication and episome main-
tenance. The common requirement for G-quadruplex RNA in
these two seemingly different activities of EBNA1 is not com-
pletely understood. The G-quadruplex RNA may regulate
EBNA1 function by altering target interaction specificity. The
identities of the endogenous RNA molecules that bind EBNA1
LR1 and LR2 in vivo have not yet been determined. Identifi-
cation of these RNAs may provide additional insights into the
mechanisms regulating EBNA1 functions in replication and
episome maintenance. They may also provide instruction for
the design of more specific interacting compounds that can
serve as small-molecule inhibitors of EBNA1 function during
latent infection.
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