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The genetic elements of herpesvirus origins of lytic replication have been characterized in detail; however,
much remains to be elucidated concerning their functional role in replication initiation. In the case of the
Epstein-Barr virus (EBV), we have found that in addition to the two well-defined critical elements required for
lytic replication (the upstream and downstream essential elements, UEE and DEE), the origin of lytic
replication (OriLyt) also requires the presence of a GC-rich RNA in cis. The BHLF1 transcript is similar to the
essential K5 transcript identified at the Kaposi’s sarcoma-associated herpesvirus OriLyt. We have found that
truncation of the BHLF1 transcript or deletion of the TATA box, but not the putative ATG initiation codon,
reduce OriLyt function to background levels. By using an antibody specific for RNA-DNA hybrid molecules, we
found the BHLF1 RNA stably annealed to its DNA template during the early steps of lytic reactivation.
Furthermore, expression of human RNase H1, which degrades RNA in RNA-DNA hybrids, drastically reduces
OriLyt-dependent DNA replication as well as recruitment of the viral single-stranded DNA binding protein
BALF2 to OriLyt. These studies suggest that a GC-rich OriLyt transcript is an important component of
gammaherpesvirus lytic origins and is required for initial strand separation and loading of core replication
proteins.

Epstein-Barr virus (EBV) is a human gammaherpesvirus 1
(also known as human herpesvirus 4 [HHV4]) and the etiolog-
ical agent responsible for infectious mononucleosis, oral hairy
leukoplakia, AIDS immunoblastic lymphomas, posttransplant
lymphoproliferative disease, 50% of Hodgkin’s lymphomas,
and the endemic forms of nasopharyngeal carcinoma and Bur-
kitt’s lymphoma (56, 79). Successful infection and viral spread,
within and between individual hosts, are necessary prerequi-
sites for EBV pathogenesis. Each of these requires productive
lytic replication of the virus, which includes the duplication of
its 170- to 175-kbp double-stranded DNA genome. To date, no
antiviral drug has been approved, nor shown to be highly ef-
fective, in blocking EBV lytic replication, suggesting that
mechanisms controlling viral DNA replication are sufficiently
diverged from related members of the herpesvirus family (2).

Upon host cell infection and establishment of latency, her-
pesvirus genomes, including EBV, adopt a closed circular con-
formation (11, 64). During lytic reactivation from viral latency,
DNA replication must initiate from this circular template. The
viral basic leucine zipper (b-ZIP) protein Zta (encoded by the
immediate-early BZLF1 gene, and also known as Z, ZEBRA,
and EB1) governs this process (10, 13, 17, 57, 69). Zta has been
described as both a transcription factor and an origin binding
protein, activating both virus early gene transcription and the
EBV origin of lytic replication (OriLyt) (18, 24, 36, 38, 65).
Zta’s ability to activate OriLyt is thought to be at least partially
due to its ability to bind viral replication proteins, perhaps

recruiting them to the origin (19, 21, 34, 35, 82). The functional
equivalent of Zta in herpes simplex virus 1 (HSV1) is the origin
binding protein (OBP) encoded by the HSV1 UL9 gene. The
HSV1 OBP is an ATP-dependent DNA helicase that appears
to work together with the single-stranded DNA (ssDNA) bind-
ing protein ICP8 to accomplish DNA strand separation at the
HSV1 origin OriS (25, 32). The EBV genome contains an ICP8
orthologue, referred to as BALF2, and a processive helicase
(encoded by the BBLF4 gene) but lacks a replication initiator
helicase like UL9. It remains unclear how a transcription factor
like Zta, with no known enzymatic activity, mediates initiation
of DNA replication and, specifically, DNA strand unwinding at
OriLyt (53).

EBV typically encodes two identical copies of OriLyt (al-
though there are functional strains that contain only one copy),
which include binding sites for Zta that are called Zta response
elements (ZREs) (24, 38). Initial mapping studies by Hammer-
schmidt and Sugden identified two regions within OriLyt as
necessary for replication (24). These regions, defined by testing
overlapping EBV sequences in plasmid replication assays,
mapped to nucleotides 52,632 to 52,944 (SstI-KpnI) and 53,207
to 53,581 (KpnI-NsiI) on the genome, respectively, and were
later named the “upstream” and “downstream” essential ele-
ments (UEE and DEE). Finer mapping using deletions within
the context of the larger 7.2-kbp BamHI-SalI fragment (nucle-
otides 48,848 to 56,084) narrowed the required regions to a
67-bp UEE (nucleotides 52,811 to 52,877) and an 87-bp DEE
(nucleotides 53,342 to 53,428) (67). The UEE comprised the
BHLF1/LF3 promoter (BHLF1p), including the TATA box,
two ZREs (ZRE1 and -2), and a CCAAT box. All mutants
tested that impaired BHLF1p function equally affected repli-
cation; however, not every mutation that impaired replication
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also impaired promoter function, suggesting that BHLF1p ac-
tivity is required, though not sufficient, for replication. The
DEE contains binding sites for the Sp1, Sp3, and ZBP-89
proteins, which interact with the core viral replication proteins
(1, 23, 34, 65), including the EA-D processivity factor, which is
able to activate the BHRF1 promoter via the downstream el-
ement (81, 82). The DEE also contains a homopurine-ho-
mopyrimidine sequence capable of forming a triple helix in
vitro, and mutations that impair triple helix formation in vitro
also disrupt DNA replication in vivo (48). These two essential
core regions were thought to be flanked by nonessential aux-
iliary regions that influence the efficiency with which OriLyt-
containing plasmids replicate in transient experiments (67).

The approximately 2.5-kb BHLF1 RNA, transcribed off what
was initially referred to as the NotI repeat, or ntr gene, in the
BamHI H fragment of the EBV genome and whose promoter
(BHLF1p) overlaps the UEE of the “left” copy of OriLyt
(OriLytL), was first mapped by Jeang and Hayward (28). They
were able to show that BHLF1 RNA was produced in response
to 12-O-tetradecanoylphorbol-13-acetate (TPA) treatment in
both B95-8 and Raji EBV-positive cell lines. The RNA start
site was mapped to the �29 position, separated from the
TATA box by a partially S1 nuclease-resistant 21-bp palin-
drome, and it spanned the NotI repeat (also known as internal
repeat 2 [IR2]) region of the virus ending at an AATAAA
poly(A) signal sequence (28, 30). The nucleotide sequence of
the 5� region of the RNA, up to the NotI repeats, was shown
to be 82% GC rich. Additionally, an equally GC-rich transcript
produced by the EBV LF3 gene, the positional equivalent of
BHLF1 found in the second EBV lytic origin (OriLytR) with an
identical promoter, was also identified (20). Interestingly, this
gene, which encompasses the PstI repeat region of the EBV
genome (also known as internal repeat 4 [IR4]), shares only
limited sequence identity with BHLF1. The BHLF1/LF3 pro-
moter (referred to as BHLF1p throughout this paper) is the
strongest known Zta-responsive promoter (37), and BHLF1
and LF3 RNAs are the most abundant transcripts found during
lytic replication (20, 30, 40). In fact, due to their prevalence,
assays that detect these RNAs have been frequently used as
tools for diagnosing EBV lytic infection in the clinic (6, 7, 62).

In this work, we further investigated the mechanism of ini-
tiation of DNA replication at OriLytL. In an effort to define the
minimal OriLyt, we found that one of the two divergent tran-
scripts (BHLF1 or BHRF1) is essential for efficient DNA rep-
lication. We also found that the BHLF1 transcript provides a
critical activity for OriLyt function in cis. The high guanine and
cytosine (GC) content of the BHLF1 transcript, and its un-
known function in lytic replication, prompted us to investigate
its potential to form a stable RNA-DNA hybrid, or R-loop,
structure similar to what has been observed at the mitochon-
drial DNA origin of replication (31, 76, 77) and at the immu-
noglobulin (Ig) locus during class switch recombination in B
lymphocytes (22, 26). We used an antibody specific for RNA-
DNA hybrid molecules to demonstrate the formation of such
structures within the BHLF1 transcription unit. Furthermore,
we show that human RNase H1, an enzyme specific for RNA-
DNA duplex hybrids, is a potent inhibitor of OriLyt replication
and, specifically, recruitment of the ssDNA binding protein
BALF2 to OriLyt, suggesting that the RNA-DNA hybrid may
generate ssDNA important for lytic replication initiation.

MATERIALS AND METHODS

Plasmids. Full-length BZLF1 and BALF2 genes were cloned into the EcoRI-
SalI and EcoRI-BamHI sites of the p3xFLAG-myc-CMV24 vector (Sigma),
respectively, for mammalian cell expression. Full-length BZLF1 gene was also
cloned into the EcoRI site of the pSR� vector (71) for mammalian cell expres-
sion. The plasmid encoding full-length RNase H1 protein fused to green fluo-
rescent protein (GFP) was a gift from Robert J. Crouch (NICHD) (8, 9).
Various-length OriLyt sequences were cloned into the NotI-PstI (or NotI-
BamHI) sites of the pBluescript II KS(�) vector (Stratagene) using appropriate
primers (data available upon request). The �60 to �400 regions of wild-type or
mutant OriLyt BHLF1 promoters were amplified from the pBluescript-OriLyt
plasmids and each inserted into the pHEBO-luciferase mammalian expression
vector (3) using the primers 5�-CACGCTAGCCTGAATCCTACCTAGCTCC
ACCCA-3� (BHLF1p fwd) and 5�-CACAAGCTTAGGCCGCCGCAAGGACG
CCGGGCC-3� (BHLF1p rev).

Cell lines. ZKO-293 cells (a gift from H. J. Delecluse) are human 293 cells
transformed with a hygromycin-resistant EBV bacmid containing a deletion of
the BZLF1 gene. ZKO-293 and 293 cells were grown in Dulbecco’s modified
Eagle medium (DMEM) with 10% fetal bovine serum (FBS), 20 mM GlutaMAX
(Gibco), and 100 �g/ml hygromycin. The Mutu I and Raji cell lines are human
Burkitt’s lymphoma cell lines that harbor latent EBV. Both were cultured in
RPMI 1640 medium with 10% FBS, 100 U/ml penicillin, 100 �l/ml streptomycin,
and 20 mM GlutaMAX (Gibco).

Antibodies. Anti-FLAG polyclonal rabbit antibody (Sigma), IgG nonspecific
control rabbit antibody (Santa Cruz Biotechnology), anti-GFP polyclonal rabbit
antibody (Santa Cruz Biotechnology), anti-poly(ADP-ribose) polymerase 1 (anti-
PARP1) polyclonal rabbit antibody (Alexis Biochemicals), anti-�-actin mono-
clonal mouse antibody (Sigma), anti-RecQL1 rabbit polyclonal antibody (pro-
vided by Perry J. Blackshear, NIEHS), anti-RNA-DNA hybrid monoclonal
antibody from the mouse hybridoma cell line HB-8730 (5) (a gift from Ramin
Shiekhattar, The Wistar Institute), and anti-Zta rabbit and anti-BALF2 poly-
clonal antibodies (both custom-made by Pocono Rabbit Farm and Laboratory)
were used.

OriLyt plasmid replication assay. Transient plasmid transfection of ZKO-293
cells was carried out using Lipofectamine 2000 reagent (Invitrogen) according to
the manufacturer’s instructions. A total of 5 � 106 ZKO-293 cells were trans-
fected with 2 �g Zta and 2 �g OriLyt plasmid or vector control plasmids. At 48 h
posttransfection, cells were washed once with phosphate-buffered saline (PBS)
and lysed with 1 ml lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris [pH 8]) for
10 min on ice. Lysates were analyzed by Western blotting with antibody against
BALF2, Zta, or actin. Alternatively, cells were lysed with Hirt lysis buffer (0.6%
SDS, 10 mM EDTA, 10 mM Tris [pH 7.5]) for 5 min at 25°C. After lysis, sodium
chloride was added to a final concentration of 750 mM and lysates were incu-
bated at 4°C for at least 2 h. Supernatant was separated from debris by centrif-
ugation and treated with 60 �g/ml RNase A for 1 h at 37°C followed by 120 �g/ml
proteinase K for 2 h at 50°C. DNA was phenol-chloroform extracted and ethanol
precipitated. Hirt DNA was then digested with or without HindIII (New England
BioLabs) to linearize the pBluescript plasmids and DpnI (New England Bio-
Labs), according to the manufacturer’s instructions, to digest input plasmid.
Following restriction digestion, DNA was phenol-chloroform extracted, ethanol
precipitated, dissolved in DNA loading buffer (0.04% bromophenol blue, 0.04%
xylene cyanol, 0.04% Orange G, 2.5% Ficoll 400), and separated by electro-
phoresis on a 0.7% agarose–Tris-borate-EDTA gel. Separated DNA was trans-
ferred to positively charged nylon membranes by using established methods for
Southern blotting (68) and detected by hybridization with a digoxigenin (DIG)-
labeled probe specific for pBluescript using digoxigenin EasyHyb reagents
(Roche), according to the manufacturer’s instructions. The probe was labeled
using a DIG-High Prime DNA labeling kit (Roche), according to the manufac-
turer’s instructions.

Northern blot assays. Transient plasmid transfection of 293 cells was carried
out using Lipofectamine 2000 reagent (Invitrogen) according to the manufac-
turer’s instructions. A total of 5 � 106 293 cells were transfected with 2 �g Zta
and 2 �g of OriLyt or vector control plasmids. At 48 h posttransfection total
RNA was isolated from transfected cells with TRIzol reagent (Invitrogen) and
separated by electrophoresis in 1% agarose NorthernMax denaturing gel in 1�
NorthernMax running buffer (Ambion). Each lane was loaded with RNA from
2 � 107 cells. The RNA was transferred to a nylon membrane and detected by
hybridization with a DIG-labeled probe specific for the BHLF1 RNA (5�-GCA
GCCGCGGCCCAGCGCGCCCCGTTCACG-3�), or the antisense control, us-
ing digoxigenin EasyHyb reagents (Roche) according to the manufacturer’s
instructions. The probe was labeled using a DIG oligonucleotide 3�-end-labeling
kit (Roche) according to the manufacturer’s instructions.
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Luciferase assay. Transient plasmid transfection of 293 cells was carried out
using Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer’s
instructions. A total of 5 � 106 293 cells were transfected with 2 �g Zta and 2 �g
of BHLF1p-luciferase or vector control plasmids. At 48 h posttransfection, cells
were harvested and luciferase assays were performed by using the luciferase
assay system (Promega). Zta expression levels were monitored by Western blot
analysis.

Guanine density plots. Guanine densities were determined and plotted using
the online European Molecular Biology Open Software Suite (EMBOSS) Freak
program (http://emboss.bioinformatics.nl/cgi-bin/emboss/freak) with a stepping
value of 1 and an averaging window of 500.

RNA-DNA hybrid immunoprecipitation. Mutu I or Raji cells were treated with
1 mM sodium butyrate and 50 ng/ml TPA to induce lytic replication or with a
vehicle control. At various times postinduction cells were harvested and washed
once in PBS, and 10 � 106 cells were resuspended in lysis buffer (20 mM Tris [pH
8], 4 mM EDTA, 20 mM NaCl, 1% SDS) with 0.2 U/ml RNase inhibitors
(Roche) and 0.7 �g/�l proteinase K and incubated at 37°C for 18 h. The DNA
was phenol-chloroform extracted, ethanol precipitated, resuspended in 300 �l of
Tris-EDTA buffer and sonicated to between 500 and 800 bp. Eight micrograms
of DNA was then resuspended in immunoprecipitation (IP) buffer (10 mM
Na-phosphate [pH 7], 140 mM NaCl, 0.05% Triton X-100) and incubated with 5
�g of anti-RNA-DNA hybrid or 5 �g mouse IgG (Santa Cruz Biotechnology) for
18 h at 4°C. The immunocomplexes were precipitated by adding 50 �l of protein
G-Dynabeads (Invitrogen) for 2 h at 4°C. The beads were collected by using a
magnetic rack and washed twice for 10 min with 1 ml of IP buffer. The DNA was
eluted by incubating the beads with 250 �l of proteinase digestion buffer (50 mM
Tris [pH 8], 10 mM EDTA, 0.5% SDS, 0.3 �g/�l proteinase K) at 50°C for 3 h
with shaking. The DNA was purified and analyzed by real-time quantitative PCR
(qPCR).

Real-time qPCR. Real-time qPCRs were run in a 7900 Applied Biosystems
real-time qPCR machine using 6 ng DNA and 1.5 mM primers in 12 �l of 1�
Sybr green master mix solution (Roche), according to the manufacturer’s spec-
ified parameters. The oligonucleotide primer pairs used for quantitative real-
time qPCR in this study were designed using the Primer Express software
(Applied Biosystems) and included 5�-TCGCCTTCTTTTATCCTCTTTTTG-3�
(OriLyt-fwd), 5�-CCAACGGGCTAAAATGACA-3� (OriLyt-rev), 5�-GCGGCC
TTCACGAATGC-3� (BNRF1-fwd), 5�-GGAACGTGTTGTCCCTAACCTC-3�
(BNRF1-rev), 5�-TCACCACCATGGAGAAGGCT-3� (GAPDH-fwd), 5�-GCC
ATCCACAGTCTTCTGGG-3� (GAPDH-rev), 5�-CTATGATGACACAAACC
CCG-3� (HSV-TKp-fwd), and 5�-GAGTTTCACGCCACCAAGAT-3� (HSV-
TKp-rev).

Dot blot assays. Ten-microliter aliquots of DNA and/or RNA nucleotides
oligomers (100 �M in 10 mM Tris-HCl [pH 8], 1 mM EDTA, and 100 mM NaCl)
were incubated at 95°C for 5 min, then gradually cooled to 25°C to allow
annealing, and then spotted onto a positively charged nylon membrane by using
a 96-well Minifold Spot-Blot apparatus (Whatman). The membrane was air
dried, cross-linked at 250 mJ in a UV Stratalinker 2400 (Stratagene), washed in
2� SSC (300 mM NaCl, 30 mM sodium citrate; pH 7.2), washed in TBST (10
mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.05% Tween 20), blocked using TBST
supplemented with 5% (wt/vol) milk powder, and probed using an anti-RNA-
DNA hybrid antibody by standard Western blotting techniques. The oligonucleo-
tide sequences used were as follows: DNA TTAGGGTTAGGGTTAGGGTTA
GGGTTAGGG (oPL2070) with or without its complement, CCCTAACCCTA
ACCCTAACCCTAACCCTAA (oPL2071), or RNA UUAGGGUUAGGGUU
AGGGUUAGGGUUAGGG (oPL2628), with or without its DNA complement
(oPL2071).

EBV genome replication assay. Transient plasmid transfection of ZKO-293
cells was carried out using Lipofectamine 2000 reagent (Invitrogen) according to
the manufacturer’s instructions. A total of 5 � 106 ZKO-293 cells were trans-
fected with 2 �g Zta or vector control and 0.5, 1, 2, or 4 �g of RNase H1-GFP
or vector control plasmids. At 48 h posttransfection, cells were washed once with
PBS and lysed with 1 ml lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris [pH
8]) for 10 min on ice. Lysates were sonicated on ice by using a Diagenode
Bioruptor on high setting with 30-s on/off pulses for a total of 25 min until the
DNA was reduced to an average length of 200 to 800 bp. Lysates were analyzed
by Western blotting with antibodies against Zta and BALF2. Lysates were then
diluted 1/10 in dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA,
16.7 mM Tris [pH 8], 167 mM NaCl) and treated with 120 �g/ml proteinase K for
2 h at 50°C, and DNA was phenol-chloroform extracted and ethanol precipitated.
DNA quantity was measured by real-time qPCR.

Cell cycle analysis. Transient plasmid transfection of ZKO-293 cells was car-
ried out using Lipofectamine 2000 reagent (Invitrogen) according to the manu-
facturer’s instructions. A total of 5 � 106 ZKO-293 cells were transfected with 2

�g Zta or vector control and 0.5, 1, 2, or 4 �g of RNase H1-GFP or vector
control plasmids. At 48 h posttransfection, cells were washed with PBS and
resuspended in 3 � 106 cells/ml of cold PBS. Cells were fixed by drop-wise
addition of 1 volume of 95% ethanol and incubation for 1 h at 4°C. Cells were
then washed twice with cold PBS, treated with 1 �g/ml RNase A in PBS at 37°C
for 15 min, and stained with 20 �g/ml propidium iodide (PI) in the dark at 25°C
for 15 min, and the cell cycle was analyzed by PI staining using flow cytometry.

HSV1 genome replication assay. Transient plasmid transfection of 293 cells
was carried out using Lipofectamine 2000 reagent (Invitrogen) according to the
manufacturer’s instructions. A total of 5 � 106 cells were transfected with 4 �g
of RNase H1-GFP or vector control plasmid. At 6 h posttransfection, cells were
seeded into a 24-well plate at 2 � 106 cell/well in 0.5 ml growth medium. At 24 h
posttransfection RNase H1-GFP expression was confirmed by fluorescence mi-
croscopy (data not shown), and cells were treated with 1.4 � 103 PFU/�l HSV1
(KOS strain; a gift from Nigel W. Fraser, University of Pennsylvania) in 0.5 ml
serum-free DMEM or mock infected with medium alone. Infection was permit-
ted to proceed for 50 min at 25°C, after which virus-containing medium was
removed and 0.5 ml of fresh growth medium was carefully added. Cells were
incubated at 37°C for 10 h and then harvested. Cells were washed once with PBS
and lysed with 1 ml lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris [pH 8]) for
10 min on ice. Lysates were sonicated on ice using a Diagenode Bioruptor on
high setting with 30-s on/off pulses for a total of 25 min, until the DNA was
reduced to an average length of 200 to 800 bp. Lysates were analyzed by Western
blotting with antibody against GFP to confirm RNase H1-GFP expression levels
(data not shown). Lysates were then diluted 1/10 in dilution buffer (0.01% SDS,
1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris [pH 8], 167 mM NaCl) and
treated with 120 �g/ml proteinase K for 2 h at 50°C, and DNA was phenol-
chloroform extracted and ethanol precipitated. DNA quantity was measured by
using a real-time qPCR with primers for the HSV1 genome (specifically the
thymidine kinase promoter region [TKp]) or a the cellular genome (glyceralde-
hyde-3-phosphate dehydrogenase [GAPDH]) as a control.

Protein purification. ZKO-293 or 293 cells were grown on 50 dishes (25 cm)
with or without 200 �g/ml phosphonoacetic acid (PAA) and transfected with 500
�g (10 �g/plate) of expression plasmid for FLAG-Zta or control FLAG vector by
using Lipofectamine 200 reagent (Invitrogen). Cells were harvested 48 h post-
transfection by cell scraping, washed two times with ice-cold PBS, transferred to
hypotonic buffer A (10 mM HEPES [pH 7.9], 10 mM KCl, 1 mM EDTA, 1 mM
dithiothreitol [DTT], 1 mM phenylmethylsulfonyl fluoride [PMSF], and protease
inhibitor cocktail [Sigma]), and subjected to 10 strokes of a Dounce homogenizer
to isolate nuclei. The nuclei were pelleted by centrifugation at 5,000 rpm for 10
min in a Sorvall SS34 rotor. Nuclei were then resuspended in buffer B (10 mM
HEPES [pH 7.9], 400 mM NaCl, 10% glycerol, 1 mM EDTA, 1 mM DTT, 1 mM
PMSF, and protease inhibitor cocktail [Sigma]) using a Dounce homogenizer (B
pestle). Nuclei were stirred for 30 min in buffer B and then pelleted by centrif-
ugation at 25,000 rpm for 30 min in a Sorvall SS34 rotor. The supernatant was
designated the soluble nuclear fraction. The residual nuclear pellet was then
resuspended in buffer E (10 mM Tris [pH 7.5], 10% glycerol, 400 mM NaCl,
0.05% Ipegal, 1 mM DTT, 1 mM PMSF, and protease inhibitor cocktail
[Sigma]). The nuclear pellet was subjected to sonication for 10 min in a Diage-
node Bioruptor until the bulk of the pellet was solubilized. The insoluble residual
material was pelleted by centrifugation at 10,000 rpm for 10 min, and the
remaining solubilized nuclear pellet was used for immunopurification using
FLAG-agarose (Sigma). The extract was incubated with FLAG-agarose beads
(10 �l/mg of extract) for 16 h at 4°C and then washed four times with buffer E
and once with buffer C. The FLAG-agarose was then incubated with a 1-column
volume of buffer C containing 1 mg/ml of FLAG peptide. Eluted material was
either subjected to Western blot analysis or concentrated by trichloroacetic acid
(TCA) precipitation and subjected to SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) and colloidal blue staining for analysis by mass spectrometry.

Protein IP assays. Cell lysates were generated by incubating cells in NET
buffer (10 mM Tris [pH 7.5], 150 mM NaCl, 0.05% NP-40, 1 mM PMSF, and
protease inhibitor cocktail [Sigma]) at 4°C for 30 min with gentle agitation. The
nuclei were pelleted at 15,000 rpm in a Microfuge centrifuge at 4°C. The super-
natant was subjected to a preclearing with protein A- or protein G-Sepharose for
4 h and then incubated with primary antibody for 4 h and then with protein
A-Sepharose (rabbit antibodies) or protein G-Sepharose (mouse antibodies) was
added for 1 h. The immune complex was washed three times with NET buffer
and one time with PBS and then was eluted by SDS-PAGE and heated at 95°C
for 5 min.

ChIP assays. For the chromatin IP (ChIP) assays we followed a modification of
the protocol provided by Upstate Biotechnology, Inc., with minor modifications as
previously described (15). DNAs were sonicated to between 200- and 800-bp frag-
ments by using a Diagenode Bioruptor, and real-time qPCR was performed.
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RESULTS

The BHLF1 or BHRF1 transcript regions are required for
OriLyt function. Previous studies have shown that the up-
stream and downstream essential elements of the EBV OriLyt
are necessary for OriLyt function (66, 67). We tested whether
these regions were sufficient to confer origin activity during
lytic reactivation. To this end, we cloned sequences of various

lengths from the BamHI H fragment of the Epstein-Barr virus,
each containing the two essential OriLyt elements (Fig. 1A),
into a pBluescript plasmid vector and assayed for their abilities
to function as origins in the context of EBV lytic viral replica-
tion. pBluescript-OriLyt or vector control plasmids were
transected into ZKO-293 cells along with the BZLF1 gene to
induce lytic replication. Expression of Zta protein and the

FIG. 1. The BHLF1 or BHRF1 transcript regions are required for OriLyt function. Sequences of various lengths were amplified from the
BamHI H fragment of Epstein-Barr virus, cloned into a pBluescript plasmid vector, and tested for the ability to support lytic replication.
(A) Diagram of the full-length (2,372-bp) region of OriLytL and each of the various truncations experimentally tested. (B) pBluescript-OriLyt or
vector control plasmids were transected into ZKO-293 cells along with the BZLF1 gene. Plasmids were analyzed by Southern blotting before (left
panel) or after (center and right panels) transfection and lytic induction. Plasmids recovered from cells were digested with or without DpnI enzyme
(as indicated). One representative experiment is shown. (C) Relative plasmid amounts were quantified using quantitative Southern blotting.
Results were calculated as the DpnI-digested signal divided by the input plasmid signal and normalized to the value obtained for full-length
(2,372-bp) OriLyt. Data averages from three identical, independent experiments are shown, with error bars representing the standard deviations.
(D) Western blotting was used to monitor Zta and BALF2 protein expression levels in all transfected cells.
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early lytic protein BALF2 (a transcriptional target of Zta) was
monitored by Western blot analysis (Fig. 1D) to ensure suc-
cessful induction of lytic replication in all transfected cultures.
Plasmid DNA was analyzed by Southern blotting before trans-
fection (Fig. 1B, left panel) or after recovery (Fig. 1B, center
and right panels). DpnI enzyme was used to distinguish be-
tween input (DpnI-sensitive) and de novo, replicated (DpnI-
resistant) plasmids (Fig. 1B, right panel). Surprisingly, the plas-
mid containing only the UEE, the DEE, and intervening
sequence (plasmid P) was unable to replicate above back-
ground (empty vector, plasmid V) levels (Fig. 1B and C).
Similarly, a plasmid incorporating all of the intervening se-
quence between the BHLF1 and BHRF1 genes (plasmid L) was
also functionally dead. The largest plasmid tested, incorporat-
ing the 2,372-bp region spanning from the NotI repeats to the
unique BglII site, including large portions of the BHLF1 and
BHRF1 genes (plasmid A), replicated robustly. The interme-
diate-sized plasmids (plasmids B through K) gave intermediate
phenotypes, suggesting that several regions within the BHLF1
and BHRF1 genes contributed to efficient OriLyt function.

It is important to note that these sequences are required in
cis, as these experiments were performed in the context of
full-length BHLF1 and BHRF1 genes present on the EBV
bacmid genome harbored by the cells. Furthermore, the trun-
cated plasmid sequences are not inhibiting replication of the

full viral genome, as observed by Southern blot analysis and
measured by real-time qPCR (data not shown). We also noted
that there appeared to be some compensation between the
BHLF1 and BHRF1 regions; a plasmid with truncated BHLF1
and BHRF1 regions (e.g., plasmid L) can be partially rescued
by adding BHFL1 sequence (e.g., plasmid I) or BHRF1 se-
quence (e.g., plasmid D). These observations led us to the
conclusion that the transcript regions of both of these genes
are important.

BHLF1 transcription is required, in cis, for OriLyt function.
Given the potential compensatory roles of the BHLF1 and
BHRF1 transcript regions, we decided to focus on one at a
time. We chose the BHLF1 region for this study because
BHLF1 RNA is the most abundant transcript found during
lytic replication (30, 40), yet there is no known function for the
transcript or any potential encoded protein. To determine
whether the BHLF1 sequence requirement in cis is due to
DNA contributions or due to the RNA transcript, we created
several mutations in an OriLyt plasmid that disrupted either
the putative BHLF1 ATG initiation codon, the TATA box, a
21-bp palindrome adjacent and immediately downstream of
the TATA box, the first and second Zta response elements
(ZRE1/2), or the third and fourth ZREs (ZRE3/4) (Fig. 2A).
We then tested these mutant plasmids for their abilities to
support replication during lytic infection in ZKO-293 cells

FIG. 2. BHLF1 RNA is required for OriLyt function in cis. (A) Insertional mutations were made to disrupt several regions of the OriLyt
sequence cloned into the pBluescript vector. These mutant plasmids were then tested for their ability to support lytic replication. (B) Wild-type
or mutant pBluescript-OriLyt or vector control plasmids were transected into ZKO-293 cells along with the BZLF1 gene. Plasmids were analyzed
by Southern blotting before (top panel) or after (center and bottom panels) transfection and lytic induction. Plasmids recovered from cells were
digested with or without DpnI enzyme (as indicated). One representative experiment is shown. (C) Relative plasmid amounts were quantified using
quantitative Southern blotting. Results were calculated as the DpnI-digested signal divided by the input plasmid signal and normalized to the value
obtained for wild-type OriLyt. Data averages from three independent experiments are shown, with error bars representing the standard deviations.
Statistical significance was determined using a two-tailed, unpaired t test. (D) Western blot assays were used to monitor Zta and BALF2 protein
expression levels in all transfected cells.
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(Fig. 2B). As before, expression of Zta and BALF2, as moni-
tored by Western blotting (Fig. 2D), was normal, as was effi-
cient replication of the EBV bacmid genome (data not shown).
We found plasmid replication was significantly impaired in the
case of the �TATA, �ZRE1/2, and �ZRE3/4 mutants, while
the �ATG and �Palindrome mutations had no significant ef-
fect (Fig. 2C). This suggests that BHLF1 RNA transcription is

essential for OriLyt replication rather than DNA sequence
along the BHLF1 gene.

To directly measure transcriptional activity of the wild-type
and mutant OriLyt plasmids, we used a Northern blot assay
(Fig. 3A). OriLyt plasmids were cotransfected with or without
Zta expression plasmids into 293 cells. Expression of Zta was
monitored by Western blotting to ensure successful transfec-

FIG. 3. Effects of OriLyt mutations on BHLF1 transcription. (A to C) Wild-type or mutant pBluescript-OriLyt plasmids were transected
into 293 cells along with the BZLF1 gene. (A) RNA was isolated and fractionated by agarose gel electrophoresis in the presence of ethidium
bromide (left panel) and analyzed by Northern blotting with BHLF1 sense (center panel) or antisense (right panel) probes. One represen-
tative experiment is shown. A nonspecific band is indicated by the asterisk. (B) Relative RNA amounts were quantified using quantitative
Northern blot analysis. Results were normalized to the value obtained for wild-type OriLyt. Data averages from three identical, independent
experiments are shown, with error bars representing the standard deviations. Statistical significance was calculated using a one-tailed, paired
t test. (C) Western blot assays were used to monitor Zta and BALF2 protein expression levels in all transfected cells. (D and E) Identical
mutations were generated in the promoter of the pHEBO-BHLF1p-luciferase plasmid. These plasmids were cotransfected with the BZLF1
gene into 293 cells and assayed for the ability to express firefly luciferase. (D) Results were first normalized to an internal Renilla luciferase
control and then to the wild-type signal. Data averages from three identical, independent experiments are shown, with error bars
representing the standard deviations. Statistical significance was calculated using a two-tailed, unpaired t test. (E) Western blot assays were
used to monitor Zta protein expression levels in all transfected cells.
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tion (Fig. 3C). BHLF1 RNA was produced off wild-type OriLyt
(Fig. 3A, center panel, lane 3) but not off a vector control (lane
2) or in the absence of Zta (lane 1). We did not detect a signal
when we used an antisense probe (right panel). Ethidium bro-
mide staining prior to Northern blot transfer (left panel) and a
nonspecific band (noted by an asterisk in the center panel)
were used as loading controls. As expected, the �TATA,
�ZRE1/2, and �ZRE3/4 mutants were transcriptionally im-
paired, while the �ATG and �Palindrome mutations produced
near-wild-type levels of RNA (Fig. 3B). This indicates that
BHLF1 RNA is expressed in the �ATG and �Palindrome
mutants, which also replicate to near-wild-type levels.

To confirm that the BHLF1p �TATA box mutation was
indeed reduced for transcription activity, we tested its activity
in a luciferase reporter gene assay (Fig. 3D). Plasmids contain-
ing the wild-type or �TATA mutant promoter sequences
cloned upstream of the luciferase gene were cotransfected with
or without the BZLF1 gene into 293 cells and assayed for
firefly luciferase compared to a Renilla luciferase internal neg-
ative control (Fig. 3D). Once again, Zta expression was mon-
itored by Western blotting to ensure successful transfection
(Fig. 3E). Firefly luciferase protein production was dependent
on the presence of both the Zta protein and a BHLF1p-lucif-
erase reporter plasmid. Insertional mutagenesis of the
BHLF1p TATA box sequences (�TATA) led to an 	70%
decrease in reporter protein expression (Fig. 3D). The de-
crease in luciferase activity produced by the BHLF1p-lucifer-
ase-�TATA plasmid is consistent with the Northern blotting
data (Fig. 3A, plasmid R), which indicate that a loss of BHLF1
transcription correlates with a loss of OriLyt replication. The
mutations in the BHLF1 palindrome inhibited luciferase ex-
pression more significantly than they affected RNA expression
measured in the Northern blot assay, suggesting that this mu-
tation may also inhibit protein translation. These data suggest
that production of the RNA transcript in cis, and not the DNA
sequence, is required for efficient replication at OriLyt.

An RNA-DNA hybrid is formed at OriLyt during initiation
of lytic replication. BHLF1 and its paralogue, LF3, in the
second lytic origin (OriLytR), are 
40% G-rich, including in
their 5� regions (Fig. 4A, upper panels). These genes are
among the most enriched for guanine density compared to the
rest of the EBV genome (lower panel). Since G-rich RNA
transcripts have been shown to be critical for the formation of
R-loops (58), we investigated the possibility that BHLF1 may
persist as a stable RNA-DNA hybrid molecule at OriLyt. To
determine whether or not a stable RNA-DNA hybrid molecule
is formed at OriLyt during initiation of lytic replication, we
employed an immunoprecipitation assay with an antibody spe-
cific for RNA-DNA hybrid molecules (5) (Fig. 4D). Latently
infected B lymphocytes were treated with or without sodium
butyrate (NaB) and TPA to induce viral lytic replication. Total
DNA was isolated under RNase-free conditions and then im-
munoprecipitated with the RNA-DNA hybrid antibody or a
nonspecific IgG control (Fig. 4B and C). Immunoprecipitated
DNA was analyzed by real-time qPCR using primers for
OriLyt (black boxes), the BNRF1 transcript region of the virus
(white boxes), or GAPDH (gray boxes) as negative controls. A
stable RNA-DNA hybrid was detected specifically at OriLyt
within 3 h postinduction of lytic replication in Mutu I cells, and
this structure disappeared over time (Fig. 4B). A similar find-

ing was observed using Raji cells, in which RNA-DNA hybrids
were also detected at OriLyt at early stages after treatment
with lytic cycle-inducing agents (Fig. 4C). Since Raji cells can-
not complete DNA replication due to their lack of the BALF2
ssDNA binding protein, our findings suggest that RNA-DNA
hybrid formation occurs independently of, and prior to, DNA
replication and BALF2 recruitment. This result supports the
idea that the G-rich RNA within OriLyt is able to reanneal to
its parental DNA strand and remain stably bound during the
early initiating steps of DNA replication.

Insertion of a non-G-rich transcript impairs OriLyt-depen-
dent replication. Our data suggest that transcription of a spe-
cifically G-rich RNA in cis is important for OriLyt activation
due to its ability to form an RNA-DNA hybrid molecule at
OriLyt. To test this hypothesis, we inserted the non-G-rich
mCherry gene (which has a guanine frequency of only 31%)
into OriLyt at the site of the putative BHLF1 ATG initiation
codon and tested the ability of this mCherry OriLyt construct to
initiate lytic replication. Genetic disruption of the ATG codon
had no significant effect on OriLyt function (Fig. 2 and 5);
however, insertion of the non-G-rich mCherry gene drastically
impaired lytic replication, as predicted (Fig. 5). These data
suggest that transcription in and of itself is not sufficient to
promote OriLyt activation. Instead, production of a specifically
G-rich RNA (e.g., BHLF1) is required.

Human RNase H1 impairs OriLyt-dependent plasmid rep-
lication. To determine whether an RNA-DNA hybrid is re-
quired for OriLyt-dependent DNA replication, we repeated
our OriLyt plasmid replication assay in the presence of over-
expressed human RNase H1, which specifically degrades the
RNA in RNA-DNA hybrid molecules. ZKO-293 cells were
cotransfected with full-length (NotI-BamHI), wild-type pBlue-
script OriLyt, the BZLF1 expression plasmid, and an expres-
sion plasmid encoding the RNase H1 fused to GFP (a kind gift
from Robert J. Crouch, NICHD), or to a vector control (Fig.
6). Transfection efficiencies were monitored by examination of
RNase H1-GFP expression by microscopy (data not shown),
and Zta and BALF2 expression was monitored by Western
blot analysis (Fig. 6E). Importantly, RNase H1-GFP expres-
sion did not significantly affect transcription of viral proteins.
Plasmids were recovered from cells 48 h posttransfection, di-
gested with HindIII and DpnI enzymes, and analyzed by quan-
titative Southern blotting (Fig. 6A and B). In the cells cotrans-
fected with RNase H1-GFP, OriLyt-dependent plasmid
replication was significantly impaired. To see if RNase H1
decreased the levels of replicating versus supercoiled plasmid
in the cells, we also analyzed uncut plasmids by quantitative
Southern blotting (Fig. 6C and D). As expected, the percent-
age of higher-molecular-weight (replicating) forms of OriLyt
plasmid was much greater in cells transfected with the vector
control than with RNase H1-GFP.

RNase H1 inhibits lytic replication of the EBV genome. To
determine the effect of overexpressed RNase H1 on replication
of the EBV genome itself during lytic replication, ZKO-293
cells were cotransfected with or without BZLF1 and RNase
H1-GFP expression plasmids or control vectors, and 48 h post-
transfection viral DNA was isolated and quantified by real-
time qPCR (Fig. 7). Expression of RNase H1-GFP inhibited
lytic replication of the EBV genome in a dose-dependent man-
ner (Fig. 7C). Western blot assays were used to monitor Zta,
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RNase H1-GFP, and BALF2 protein expression levels in all
transfected cells (Fig. 7A). As before, overexpression of RNase
H1-GFP did not have a significant effect on viral gene expres-
sion levels. Transfected cells were also subjected to cell cycle
analysis by PI staining followed by flow cytometry (Fig. 7B). No
significant change in the ZKO-293 cell cycle profile was de-
tected in cells overexpressing RNase H1-GFP compared to the
vector controls. These results suggest that the inhibition of
EBV lytic DNA replication by RNase H1 is due to a specific

effect on OriLyt rather than a global effect on cellular replica-
tion or transcriptional activity.

RNase H1 overexpression does not impair HSV1 lytic rep-
lication. To further demonstrate the specificity of RNase H1
for EBV replication, we tested the effect of the enzyme on
replication of the alphaherpesvirus HSV1. 293 cells were trans-
fected with RNase H1-GFP or a vector control and then in-
fected 24 h later with the wild-type KOS strain of HSV1. Ten
hours postinfection, viral and cellular DNAs were isolated and

FIG. 4. An RNA-DNA hybrid is formed at the G-rich BHLF1 region during initiation of lytic replication. (A) The guanine density of the entire
EBV genome was plotted using the EMBOSS Freak program (lower plot). The BamHI H and BamHI d fragments, containing the BHLF1 and
LF3 genes, respectively (gray boxes), have been enlarged (upper panels). (B and C) Mutu I (B) or Raji (C) cells were treated with or without
Na-butyrate and TPA for times (in hours) indicated. DNA was then isolated and analyzed via immunoprecipitation using an antibody specific for
RNA-DNA hybrid molecules or an IgG negative control, followed by real-time qPCR using primers for the OriLyt region (black boxes), the
BNRF1 transcript region of the virus (white boxes), or the cellular region for GAPDH (gray boxes) as a negative control. Results are shown as
the fold enrichment of the RNA-DNA signal over that of the IgG control. Error bars represent the standard deviations of at least three qPCR
replicate reactions run side by side. Three identical, independent experiments were conducted; data from one representative experiment are shown.
Statistical significance was calculated using a two-tailed, unpaired t test. (D) Nucleotides of various types (as indicated) were annealed, spotted onto
a nylon membrane, and probed using the RNA-DNA hybrid antibody to demonstrate antibody specificity (top panel). Pixel density across a
horizontal section of the top panel image was calculated using the ImageJ software (NIH). Numerical values indicate integrated densities for each
peak.
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quantified by real-time qPCR (Fig. 7D). Whereas RNase H1
expression significantly reduced lytic replication of EBV, the
same dose of RNase H1 had no inhibitory effect on lytic rep-
lication of HSV1 (Fig. 7D). This result supports the conclusion
that RNase H1 expression inhibits EBV replication, without
global inhibition of cellular replication or of the replication of
related herpesviruses.

RNase H1 decreases recruitment of BALF2, but not Zta, to
OriLyt. The viral ssDNA binding protein BALF2 has been
shown to be required for EBV lytic replication (19). We found,
by mass spectrometry, that BALF2 was highly enriched in
immunoaffinity-purified FLAG-Zta samples but not in the con-
trol FLAG immunopurifications of transfected ZKO-293 cells
(Fig. 8A). This result was confirmed by Western blot analysis
(Fig. 8B and C). BALF2 was also able to associate with Zta in
the presence of phosphonoacetic acid (PAA), an inhibitor of
the viral polymerase BALF5, suggesting that BALF2 is re-
quired at an early step during initiation of viral replication. In
contrast, two other proteins also identified as FLAG-Zta bind-
ing partners by mass spectrometry, PARP1 and RecQL1, did
not bind in the presence of PAA (Fig. 8A and B). The inter-
action between Zta and BALF2 was observed in ZKO-293
cells, but not in 293 cells, suggesting that additional viral pro-
teins or lytic replication is required to facilitate this interaction
(Fig. 8B to D). We next confirmed that BALF2 associated in
vivo with OriLyt during viral reactivation by using a ChIP assay
(Fig. 8E). BALF2 was enriched 	20-fold relative to control
IgG. BALF2 did not bind to a negative control BNRF1 region
of the viral genome. Given that BALF2 is able to bind non-
specifically to ssDNA (73), we wondered whether RNase H1
overexpression, which should inhibit R-loop formation at
OriLyt, would also affect the BALF2 association with OriLyt.

To determine if RNase H1 interfered with BALF2 binding, we
assayed BALF2 binding by ChIP assays in the presence of
overexpressed RNase H1 (Fig. 8E). We found that RNase H1
expression reproducibly reduced BALF2 binding by more than
50% compared to vector-transfected treated cells. Importantly,
RNase H1 overexpression had no effect on Zta recruitment to
OriLyt. This result is consistent with the model that a stable
RNA-DNA hybrid at OriLyt is required for strand unwinding

FIG. 5. Insertion of a non-G-rich transcript disrupts OriLyt func-
tion. (A) Wild-type or mutant pBluescript-OriLyt or vector control
plasmids were transected into ZKO-293 cells with or without the
BZLF1 gene. Plasmids were analyzed by Southern blotting before
(data not shown) or after (as indicated) transfection and lytic induc-
tion. Plasmids recovered from cells were digested with or without DpnI
enzyme (as indicated). One representative experiment is shown.
(B) Relative plasmid amounts were quantified using quantitative
Southern blotting. Results were calculated as the DpnI-digested signal
divided by the input plasmid signal and normalized to the value ob-
tained for wild-type OriLyt. Data averages from three independent
experiments are shown, with error bars representing the standard
deviations. Statistical significance was determined using a two-tailed,
unpaired t test.

FIG. 6. RNase H1 impairs OriLyt-dependent plasmid replication.
Wild-type pBluescript OriLyt plasmids were cotransfected with
BZLF1 into ZKO-293 cells with an RNase H1 expression plasmid or
control vector. Plasmids were recovered from cells, digested with (A
and B) or without (C and D) HindIII and DpnI enzymes, and analyzed
by Southern blotting. Three identical, independent experiments were
conducted in each case. One representative experiment is shown for
each (A and C). Relative plasmid amounts were quantified using
quantitative Southern blotting (B and D). In the cases where enzymes
were used, results were calculated as the DpnI-resistant signal over the
DpnI-digested signal and were normalized to the value obtained for
vector controls (B). In cases where no enzymes were used, results were
calculated as replicating (top band) plasmid over supercoiled (bottom
band) signal and normalized to the value obtained for vector controls
(D). Data averages from all three identical, independent experiments
are shown in each case, with error bars representing the standard
deviations. Statistical significance was calculated using a two-tailed,
unpaired t test. (E) Western blot assays were used to monitor Zta and
BALF2 protein expression levels in all transfected cells.
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and functional recruitment of the EBV single-stranded binding
protein BALF2.

DISCUSSION

In this work we reexamined the necessary cis requirements
for function of the EBV OriLyt. By testing various truncations
of the BamHI H fragment of the virus genome in plasmid
replication assays, we found that one of the two divergent
OriLyt transcript regions is necessary for DNA replication in
cis (Fig. 1). Upon closer examination of the BHLF1 gene

requirement, we found that its contribution to successful rep-
lication in cis is dependent on its ability to produce an RNA
molecule (Fig. 2). The high G-rich content of the BHLF1 (and
LF3) RNA is consistent with its ability to form a stable RNA-
DNA hybrid, which could be detected with an antibody specific
for RNA-DNA hybrids (Fig. 4). Replacement of the G-rich
BHLF1 gene with the non-G-rich mCherry gene at OriLyt
resulted in impairment of OriLyt function (Fig. 5). EBV
OriLyt-driven replication, but not HSV1 replication, was also
inhibited by RNase H1, an enzyme that specifically degrades
the RNA component of an RNA-DNA hybrid (Fig. 6 and 7),

FIG. 7. RNase H1 impairs EBV lytic replication. ZKO-293 cells were cotransfected with or without BZLF1 and RNase H1 expression plasmids
or control vectors as shown. (A) Western blot assays were used to monitor Zta, RNase H1, and BALF2 protein expression levels in all transfected
cells. (B) After 48 h, cells were analyzed for potential changes in viability and cell cycle. (C) At the same time, viral DNA was isolated and analyzed
by real-time qPCR. Results were calculated as the signal obtained using EBV genome-specific (BNRF1) primers over the signal obtained using
primers for cellular DNA (GAPDH) and normalized to the positive control expressing BZLF1 only. (D) 293 cells were transfected with RNase
H1 (black bars) or vector control plasmids (white bars) and infected with HSV1 (as indicated) or mock infected 24 h posttransfection. At 10 h
postinfection, cell were lysed and RNase H1 expression was confirmed by Western blotting (data not shown). DNA was isolated from cell lysates
and analyzed by real-time qPCR. Results were calculated as the signal obtained using viral genome-specific (TKp) primers over the signal obtained
using primers for cellular DNA (GAPDH) and normalized to the positive-control sample, which was infected with virus but not transfected with
RNase H1.
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and RNase H1 prevented BALF2 association with OriLyt (Fig.
8). Taken together, we propose that BHLF1 RNA forms a
stable RNA-DNA hybrid essential for BALF2 loading and the
initiation of lytic replication at OriLyt.

The BHLF1 and LF3 transcripts are among the most abun-
dant RNAs expressed during the EBV lytic cycle. Despite their
high prevalence, no clear functions for these transcripts have
been described. These genes both have an open reading frame,
which may potentially code for a highly repetitive protein (30).
cDNAs from the BHLF1 gene have been mapped (47), but
initial attempts to identify a BHLF1 (or LF3) protein product
by hybrid selection, in vitro translation, and cloning were un-
successful (27, 28, 30, 47). Antibody raised against a synthetic,
Escherichia coli-produced peptide from the BHLF1 open read-
ing frame recognized a TPA-inducible protein of 	70 to 90
kDa (37, 45), and a similar result was observed for an antibody
raised against a synthetic LF3 peptide (46). An LF3 gene study,
however, showed that frameshifting events, at the beginning
and end of the internal repeat 4 (IR4) region within the coding
sequence, which would affect protein production, are frequent
(78). It has also been shown that disruption of the BHLF1 open
reading frame, by insertion of a hygromycin phosphotrans-
ferase-selectable marker into the unique RsrII site, does not
effect lytic replication or virion production in W91 cells (39).
Taken together, these studies suggest that BHLF1- and LF3-
encoded proteins are not likely to be essential for lytic cycle
replication.

Our study provides evidence that a major contribution of
BHLF1, and perhaps LF3, is the production of a G-rich RNA
required for OriLyt function in cis. Our data are consistent
with the observation that the G-rich Kaposi’s sarcoma-associ-
ated herpesvirus (KSHV) K5 RNA transcript is also necessary
for KSHV OriLyt function (74). Our conclusion that disrup-
tion of BHLF1 transcription, and specifically the BHLF1
TATA box, impairs lytic replication is supported by a previous
report showing the importance of BHFL1 transcription pro-
moter elements (67). Our experiments also indicate that
BHFL1 must be transcribed in cis, since the native BHLF1
gene products are expressed from the EBV bacmid genome
present in the ZKO-293 cells used for our replication assays.
Therefore, the simplest conclusion is that the 5� end of the
BHFL1 transcript is required in cis for OriLyt function.

A role for transcription in the selection and initiation of
replication origins has been seen in a variety of contexts (29,
41). In the case of herepsviruses, both EBV and KSHV have
transcription factors as their origin binding proteins, and it has
also been shown that RNA polymerase II, TATA binding pro-
tein, and TATA binding protein-associated factors are re-
cruited to HSV1 replication compartments (33, 50, 55). All
known herpesvirus origins overlap bidirectional promoters and
contain transcription factor binding sites important for repli-
cation (52). RNAs have also been identified at herpesvirus lytic
origins; the best-characterized one exists at the human cyto-
megalovirus origin and forms a persistent RNA-DNA hybrid
structure (49). An important RNA-DNA hybrid is also formed
at the mitochondrial DNA (mtDNA) heavy strand replication
origin (OH) during mtDNA replication, which, like herpesvirus
replication, proceeds from a closed circular genome. For
mtDNA replication, the RNA is transcribed within the origin
but reanneals to its template DNA due to its high guanine

FIG. 8. RNase H1 decreases recruitment of BALF2, but not Zta, to
OriLyt. (A and B) ZKO-293 cells were transfected with FLAG-Zta or
control FLAG expression vector and then subjected to FLAG IP.
FLAG affinity-purified proteins were assayed by colloidal blue staining
of the affinity-purified proteins (A) or by Western blotting (WB) for
the viral BALF2 and Zta or the cellular, PARP1, and RecQL1 proteins
(B). The immunoglobulin heavy and light chains are each marked by
an asterisk. (C and D) ZKO-293 (C) or 293 (D) cells were transfected
with FLAG-BALF2 and Zta or control vector and then subjected to
FLAG, Zta, or control IgG IP. Affinity-purified proteins were probed
for BALF2 or Zta by WB. (E) A ChIP assay was used to monitor
BALF2 and Zta binding to OriLyt (black bars) or the BNRF1 nega-
tive-control region (white bars) in vivo in ZKO-293 cells transfected
with FLAG-BALF2 and Zta in the presence of cotransfected RNase
H1 (�) or vector control (�). Results from real-time qPCR were
normalized to input DNA signal levels. Error bars represent the stan-
dard deviations of at least six qPCR replicate reactions run side by
side. Three identical, independent experiments were conducted; data
from one representative experiment are shown. Statistical significance
was calculated using a two-tailed, unpaired t test.
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content (31, 76, 77). The RNA in this structure, termed an
R-loop, which is necessary for origin activation in cis, is
thought to be processed by the mitochondrial RNase MRP
into a primer functional for initiating mtDNA synthesis (31).
Transcription also plays a role in the formation of RNA-DNA
hybrids at the Ig class switch locus, where once again G-rich
“R-loop initiation zones” within the RNA are required for
R-loop formation (14, 16, 51, 58, 59, 80).

We considered whether BHLF1 RNA, one of the most-G-
rich transcripts within the EBV genome (Fig. 4A), might gen-
erate an R-loop at OriLyt during lytic replication. Using spe-
cific antibodies, we found that a stable RNA-DNA hybrid
molecule is formed at OriLyt during the early stages of lytic
reactivation (Fig. 4B and C), suggesting an important interac-
tion between BHLF1 RNA and its DNA template during the
initiation of lytic replication. To further support this hypothe-
sis, we tested the effect of human RNase H1, a nuclease with
specificity against RNA-DNA hybrids, on OriLyt-dependent
replication. We found that RNase H1 protein overexpression
can inhibit OriLyt-dependent DNA replication (Fig. 6A to D
and 7B).

We also have presented evidence that the EBV BALF2
protein is recruited to OriLyt and the site of the RNA-DNA
hybrid molecule (Fig. 8E). BALF2 has been characterized as
the EBV ssDNA binding protein required for herpesvirus rep-
lication (19, 72). BALF2 has been shown to interact with the
other core EBV lytic replication proteins, including the
BBLF4-BBLF2/3-BSLF1 helicase-primase complex, which in
turn interacts with Zta (21). By using immunoprecipitation
assays, we were able to confirm that BALF2 is found in com-
plex with Zta in the context of lytic infection in ZKO-293 cells
(Fig. 8A to C). This interaction is not dependent on function of
the viral polymerase BALF5, since PAA treatment did not
block the interaction. In contrast, the Zta association with the
PARP-1 and the RecQL1 proteins was inhibited in the context
of PAA treatment (Fig. 8B). We were unable to demonstrate
the BALF2-Zta interaction in 293 cells in the absence of lytic
replication (Fig. 8C). This result is consistent with the idea that
the BBLF4-BBLF2/3-BSLF1 complex bridges the Zta-BALF2
interaction (21).

We found that RNase H1 overexpression also significantly
affects the recruitment of BALF2, but not Zta, to OriLyt (Fig.
8E). This suggests that the ssDNA binding ability of BALF2
further recruits the protein to OriLyt and that RNase H1
expression inhibits lytic replication at least in part by decreas-
ing the amount of OriLyt R-loop substrate available for
BALF2 (and possibly other required replication proteins) to
bind. We also showed that cellular DNA replication is not
significantly affected by the same concentrations of RNase H1
(Fig. 7C), revealing a difference in sensitivities to RNase H1
between the virus and the host cell. Further studies will be
required to determine whether this difference might be impor-
tant for regulation of viral replication and whether this can be
therapeutically exploited.

In addition to binding BALF2, we previously showed that
Zta recruits the mitochondrial ssDNA binding protein
(mtSSB) to promote viral replication but inhibit mtDNA rep-
lication (75). mtSSB plays a central role in mtDNA replication,
recombination, and the stabilization of R-loops (61, 70). It will
be important to determine whether mtSSB is involved in R-

loop stabilization at OriLyt and to what extent EBV origin
activation resembles initiation at the mitochondrial origin. In-
terestingly, HSV UL12.5 degrades mitochondrial DNA (12,
63), suggesting that other herpesviruses may also require mi-
tochondrial factors to facilitate viral replication.

Transcription-dependent R-loops, like those examined at
the Ig locus (22, 26, 60), are thought to facilitate recombination
events. There are numerous links between herpesvirus lytic
replication and DNA recombination (52). Relevant to this
discussion is the fact that BALF2 has structural and functional
similarities to the � Red � recombination protein (54) and the
HSV homologue ICP8, which has been shown to play a role in
both strand invasion and R-loop stabilization in vitro (4, 42–
44). Interestingly, HSV1 lytic replication was not affected by
overexpression of human RNase H1 (Fig. 7D). This could be
partially due to limited levels of ectopically expressed RNase
H1. On the other hand, HSV1 origin activation is mediated by
a DNA helicase, the UL9 protein, while the EBV origin initi-
ator protein Zta is a bZIP transcription factor. Therefore, it
may not be surprising that EBV origin activation may be more
dependent on R-loop formation than is HSV. It will be impor-
tant to determine whether R-loop formation plays any role in
the HSV lytic cycle, either in facilitating initiation or in pro-
moting subsequent recombination events that drive genome
isomerization. An important future direction of investigation
will be to determine whether R-loop formation is involved in
DNA recombination during lytic replication and whether this
is a common property of all herpesviruses.
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