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The switch from Epstein-Barr virus (EBV) latent infection to lytic replication is governed by two viral transac-
tivators, Zta and Rta. We previously reported that the EBV protein LF2 binds Rta, inhibits Rta promoter activation,
and blocks EBV replication in cells. In addition, LF2 induces SUMO2/3 modification of Rta. We now show that this
modification occurs at four lysines within the Rta activation domain (426, 446, 517, and 530) and that sumoylation
of Rta is not essential for its repression. Coexpression studies demonstrated that Rta is sequestered to the
extranuclear cytoskeleton in the presence of LF2. We mapped the LF2 binding site to Rta amino acids (aa) 476 to
519 and showed that LF2 binding is critical for Rta relocalization and repression. The core of this binding site, Rta
aa 500 to 526, confers LF2-mediated relocalization and repression onto the artificial transcription factor GAL4-
VP16. Mutational analysis of LF2 provided further evidence that Rta redistribution is essential for repression. Rta
localization changes during replication of the LF2-positive P3HR1 genome, but not during replication of the
LF2-negative B95-8 genome. BLRF2 protein expression was decreased and delayed in P3HR1 cells compared with
B95-8 cells, consistent with reduced Rta activity. By contrast, BMRF1 expression, regulated primarily by Zta, did
not differ significantly between the two cell lines. Our results support a model in which LF2 regulates EBV
replication by binding to Rta and redistributing it out of the nucleus.

Epstein-Barr virus (EBV), the prototypical gammaherpesvi-
rus, causes infectious mononucleosis in healthy individuals,
B-cell lymphoproliferative disease in immunosuppressed indi-
viduals, and rarely, B-cell lymphomas, Hodgkin lymphoma,
and nasopharyngeal carcinoma in otherwise-healthy persons
(45, 65). Gammaherpesviruses, including EBV and Kaposi’s
sarcoma-associated herpesvirus (KSHV), differ from other vi-
ruses because their associated diseases are not the conse-
quence of virus replication. Instead, EBV-associated malig-
nancies are a by-product of the growth and survival signals
triggered by limited viral gene expression that allows EBV to
persist in a latent state in infected cells, and hence the human
population (44). Because viral replication is not occurring in
most EBV-infected cells, inhibitors of replication are not effi-
cacious in treating infectious mononucleosis or EBV-associ-
ated malignancies. On the contrary, activation of EBV repli-
cation has been suggested as therapy, because virus
replication can directly kill EBV-infected tumor cells, sen-
sitize them to nucleoside analogues, and stimulate immune-
mediated killing via increased virus antigen expression in
tumor cells (21, 22, 55).

Entry into replication is regulated by the EBV genes BZLF1
and BRLF1, encoding the transcriptional activators Z (Zta)
and R (Rta), respectively (44, 53). Zta and Rta must act in
concert for EBV replication to occur: deletion of either
BZLF1 or BRLF1 renders the virus incompetent for DNA

replication and virion production (20). Some EBV lytic genes
are activated primarily by Rta, others primarily by Zta, and
some are synergistically activated by the combined actions of
Rta and Zta (13, 20, 24, 27, 37, 43, 48, 49, 53, 60, 64). A subset
of EBV genes is activated by Rta but repressed by Zta (18, 49,
64). In most EBV-positive cell lines, expression of either Zta or
Rta induces the expression of the other protein and disrupts
latency (62, 73). Rta activation of some lytic promoters can be
enhanced by coexpression of the BRRF1 gene product (Na)
(35). Rta and Zta expression can be induced by B-cell receptor
cross-linking, phorbol esters, butyrate, and ionophores, but the
physiological signals responsible for inducing EBV replication
are not well defined (12, 52). In latently infected cells, lytic
gene expression is suppressed by extensive methylation of the
genome (3, 19, 40, 54). Preferential binding of Zta to methyl-
ated DNA is thought to be important for initiating replication
from this epigenetic repressed state (3, 16, 23).

Rta is a 605-amino-acid (aa) member of the gammaherpes-
virus ORF50 family of transcriptional activators, which have no
known homology to cell transcription factors. The Rta N ter-
minus contains overlapping dimerization (aa 1 to 232) and
DNA binding (aa 1 to 280) domains (50). The C-terminal
activation domain is comprised of an essential acidic activation
domain (aa 520 to 605) and an accessory activation domain (aa
416 to 519), which adds activation potential (33, 50). This
accessory domain is required for transactivation in B cells but
not in epithelial cells (33). Rta activates many EBV promoters,
including the BALF2, BMRF1, and BMLF1 promoters,
through a direct mechanism by binding to Rta response ele-
ments (RREs) that conform to the consensus GNCCN9GGNG
(11, 28–30). Other promoters lacking RREs are activated
through indirect mechanisms that may involve direct promoter
targeting through interactions with cell transcription factors or
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activation of signaling pathways in the cytoplasm (1, 24, 46, 47,
63, 68). Rta predominantly localizes to the nucleus (13, 14),
and an Rta nuclear localization signal mutant was defective for
activation of the BGLF5 promoter and induction of BALF2
expression (36).

We discovered that EBV LF2, a gene deleted from the
B95-8 reference strain (59, 61), encodes an Rta binding protein
(6). LF2 was also identified as an IRF7 antagonist in a screen
for EBV-encoded inhibitors of interferon signaling (72). In
EBV-infected cells, LF2 associated with Rta and abrogated
Rta’s ability to induce viral DNA replication (5). We further
demonstrated that LF2 impairs Rta lytic promoter activation
and inhibited Rta DNA binding in electrophoretic mobility
shift assays. However, the repressive effects of LF2 persisted
even when Rta was fused to a heterologous GAL4 DNA bind-
ing domain that retained DNA binding activity in the presence
of LF2. This suggested that LF2’s repressive effects could also
act directly on the activation domain. The observation that the
small ubiquitin-like modifer (SUMO) is covalently linked to
Rta in the presence of LF2 provides a plausible mechanism by
which LF2 could modulate Rta activity. SUMO modification of
transcription factors frequently results in their repression,
through recruitment of histone deacetylases (HDACs) and
other repressive complexes (2, 25, 26, 31, 70). Although sumoyl-
ation of Rta lysines 19, 213, and 517 previously had been
reported to be essential for activation (10), we demonstrated
that mutation of these residues to arginines, which cannot
serve as SUMO acceptors, does not impair activation (5). In-
stead, the observed loss of activation seen in the earlier study
appears to be due to the K213A mutation, which in addition to
preventing sumoylation at that residue disrupts DNA binding
(9). Thus, SUMO modification does not appear to contribute
to Rta activation but could mediate LF2 represssion of Rta. In
this study we sought to determine the mechanism by which LF2
inhibits Rta activity, beginning with an examination of the role
of SUMO modification.

MATERIALS AND METHODS

Cell culture. 293T cells are from a human embryonic kidney cell line. The
B95-8 Z-HT (B95/Z-HT) and P3HR1 Z-HT (P3/Z-HT) cells have been de-
scribed elsewhere (39, 71). B95/Z-HT pCEP4-GFP and pCEP4-Flag-LF2 cells
were derived from B95/Z-HT cells transfected with pCEP4-GFP or pCEP4-Flag-
LF2, followed by continuous hygromycin selection. All cell lines were cultured in
Dulbecco’s modified Eagle’s medium (Gibco, Grand Island, NY) or RPMI 1640
medium (Gibco) supplemented with L-glutamine (Gibco), penicillin-streptomy-
cin (Gibco), and 10% fetalplex (Gemini Bio-Products, West Sacramento, CA).

Plasmids. pcDNA3-Rta, dsRed-HA-Rta, pFlag-LF2, pGL3-BALF2, pGL3-
BMLF1, and pGL3-BMRF1 have been described previously (5, 6). The BZLF1
(�221/�13) and BMRF1 (�299/�59) promoters were amplified from B95-8
genomic DNA and cloned into the pGL3 promoter vector (Promega, Madison,
WI). pCEP4-GFP was described previously (51), and pCEP4-Flag-LF2 was con-
structed by cloning 3�Flag-LF2 from pFlag-LF2 into the BamHI/SnaBI sites of
pCEP4 (Invitrogen, Carlsbad, CA). pcDNA3-His-SUMO3 was constructed by
inserting a double-stranded oligo into the KpnI/BamHI sites of pcDNA3-HA-
SUMO3 (5), which replaced the hemagglutinin (HA) tag with the 6�His tag-
containing sequence GGTACCATGGGCAGCAGCCATCATCATCATCATC
ACGGATCC. pcDNA3-Rta 4KR and pcDNA3-Rta 4KR-AD were constructed
from pcDNA3-Rta with QuikChange site-directed mutagenesis (Stratagene, La
Jolla, CA) using oligos containing the appropriate point mutations. Single lysine
revertant mutants K530, K517, K446, and K426 were constructed from pcDNA3-
Rta 4KR-AD. pcDNA3-Rta-V5 was constructed by cloning an oligo encoding
the V5 epitope (GTACGGGTAAGCCTATCCCTAACCCTCTCCTCGGTCT
CGATTCTACGCGTACCGGTTAGTAATGATCTAG) downstream of the
Rta open reading frame in pcDNA3-Rta. pcDNA3-Rta-d476-519-V5 was pro-

duced by generating the 476-519 deletion by site overlap extension and cloning
it into pcDNA3-Rta-V5. pGAL4-VP16 was constructed by PCR amplifying the
VP16 activation domain from pVP16 (Clontech, Mountain View, CA) and clon-
ing it into the MluI and XbaI site of pM (Clontech). GAL4-Rta480-501-VP16,
GAL4-Rta500-526-VP16, and GAL4-Rta527-550-VP16 were produced by am-
plifying the appropriate Rta residues by PCR and inserting the fragments into
the EcoRI and MluI sites of pGAL4-VP16. The LF2 deletion series was con-
structed by site overlap extension using external primers containing gateway
recombination sequences (shown in capital letters; GGGGACAACTTTGTAC
AAAAAAGTTGGCatggccgaagcttaccccgga and GGGGACAACTTTGTACAA
GAAAGTTGGcagagtgccctcggaggctac) and internal primers containing each de-
sired deletion. Final PCR products were cloned into the pDONR223 gateway
entry vector by BP recombinase reaction and sequenced. Each mutant was
subsequently cloned by LR recombinase into the destination vectors pN-2�HA
and pDEST-myc-eGFP, which have been described previously (6).

Antibodies. The following antibodies were used for Western blotting, immu-
noprecipitations, and immunofluorescence: mouse monoclonal antibodies
against HA (16B12; Covance, Emeryville, CA), Flag (M2; Sigma, St. Louis, MO),
V5 (V5-10; Sigma), VP16 (1-21; Santa Cruz Biotechnology, Santa Cruz, CA),
EBV Rta (8C12; Argene, Varilhes, France), EBV BMRF1 (R3; Millipore, Bed-
ford, MA), glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 6C5; Milli-
pore), and �-tubulin (B-5-1-2; Sigma); goat polyclonal anti-lamin B (C-20; Santa
Cruz); rabbit polyclonal anti-BRG1 (H-88; Santa Cruz), and EBV BLRF2
(SLO25-1; a generous gift from George Miller, Yale University School of Med-
icine, New Haven, CT). A polyclonal anti-LF2 rabbit serum was raised against
LF2 aa 26 to 44 and affinity purified (Open Biosystems, Huntsville, AL).

Western blot analysis. Total cell lysates or immunoprecipitated proteins were
separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis,
blotted onto nitrocellulose membranes, and probed with appropriate antibodies.
After extensive washing, horseradish peroxidase-conjugated secondary antibod-
ies (Jackson ImmunoResearch, West Grove, PA) were applied, and the mem-
brane was washed again and then developed with a chemiluminescence reagent
(Perkin-Elmer, Waltham, MA) and visualized on a Kodak Image Station 4000R
(Kodak Molecular Imaging Systems, Rochester, NY).

Immunoprecipitation. Transfected 293T cells were lysed in high-salt NP-40
lysis buffer (1% [vol/vol] Igepal CA-630, 40 mM Tris-HCl [pH 7.5], 300 mM
NaCl, and 10 mM MgCl2) containing EDTA-free Complete protease inhibitor
(Roche, Mannheim, Germany) and cleared by centrifugation at 10,000 � g for 10
min. Supernatants were diluted 1:1 with 1% (vol/vol) NP-40 and precleared with
Sepharose (Sigma) for 2 h at 4°C before incubation with anti-Flag M2 agarose
(Sigma) overnight at 4°C. The beads were washed extensively with NP-40 lysis
buffer (1% [vol/vol] Igepal CA-630, 20 mM Tris-HCl [pH 7.5], 150 mM NaCl,
and 5 mM MgCl2) and eluted with 0.4 mg/ml Flag peptide (Sigma) in NP-40 lysis
buffer. The eluted proteins were analyzed by Western blotting.

Sumoylation assays. A total of 1.5 �g of DNA was transfected with Effectene
(Qiagen, Valencia, CA) into 293T cells at 50% confluence in six-well plates. The
sumoylation assay was performed as described elsewhere (38, 69). Briefly, after
48 h, the cells were washed and resuspended with ice-cold phosphate-buffered
saline (PBS). A fraction was taken and prepared as total cell lysate (input).
Remaining cells were lysed in lysis buffer (6 M guanidinium-HCl, 100 mM
sodium phosphate buffer [pH 8.0], 10 mM 2-mercaptoethanol) containing 5 mM
imidazole and sonicated. His-SUMO-modified proteins were purified by nickel
affinity chromatography using nickel-nitrilotriacetic acid (NTA) agarose (Qia-
gen). The agarose was incubated with the lysates for 2 h at 25°C, washed with
lysis buffer and 8 M urea wash buffers (8 M urea, 10 mM Tris, 0.1 M sodium
phosphate buffer [pH 8.0], 10 mM 2-mercaptoethanol, and 8 M urea, 10 mM
Tris, 0.1 M sodium phosphate buffer [pH 6.3], 10 mM 2-mercaptoethanol with 0
to 0.2% [vol/vol] Triton X-100) and eluted with elution buffer (250 mM imida-
zole, 150 mM Tris [pH 6.8]) for 30 min at 25°C. The input samples and eluates
were analyzed by Western blotting.

Reporter assays. A total of 1.3 �g of DNA was transfected with Effectene
(Qiagen) into 293T cells. After 48 h, cells were lysed in reporter lysis buffer
(Promega) and clarified by centrifugation. Luciferase (Luciferase assay system;
Promega) and �-galactosidase (Galacto-Light Plus system; Applied Biosystems,
Bedford, MA) activities were measured using an Optocomp I luminometer
(MGM Instruments, Hamden, CT). Luciferase assay results were corrected for
transfection efficiency based on �-galactosidase activity.

Immunofluorescence analysis. 293T cells were grown on glass coverslips
coated with poly-D-lysine (BD Biosciences, San Jose, CA), and 0.5 to 1.0 �g of
total DNA was transfected with Effectene. After 48 h, cells were subjected to
Draq5 (Biostatus Limited, Shepshed, United Kingdom) DNA staining, fixed with
1% (wt/vol) paraformaldehyde in PBS, and permeabilized with 0.1% (vol/vol)
Triton X-100 in PBS containing 1 mM glycine. Cells were blocked with 5% serum
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in PBS and incubated with primary antibodies diluted in PBS plus 1% (wt/vol)
bovine serum albumin (BSA). Secondary antibodies were goat Alexa Fluor 488
and Alexa Fluor 568 (Molecular Probes, Eugene, OR) and diluted in PBS plus
1% (wt/vol) BSA. The coverslips were mounted with ProLong Gold antifade
reagent (Molecular Probes). Images were taken with a laser-scanning Zeiss
Axioskop PCM 2000 microscope with a plan-apochromatic 1.40 numerical-ap-
erture 63� objective (Zeiss, Germany) and are single confocal slices.

Subcellular fractionation. A 0.5-�g aliquot of LF2 and 0.5 �g of Rta expres-
sion plasmids were transfected with Effectene into 293T cells. For crude cyto-
plasmic nuclear fractionations (17), cells were washed and gently dislodged with
ice-cold PBS. Cells were swollen in hypotonic buffer (10 mM HEPES [pH 7.9],
10 mM KCl, 1.5 mM MgCl2, 5 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl
fluoride, 10 �g/ml aprotinin) for 1 h on ice, homogenized by 20 dounce strokes
using a tight pestle, and pelleted at 350 � g. One percent of the supernatant and
pellet was analyzed by Western blotting. The pellet fraction was lysed with
isotonic NP-40 buffer (1% [vol/vol] Igepal CA-630, 20 mM Tris-HCl [pH 7.5],
150 mM NaCl, and 5 mM MgCl2) containing Complete protease inhibitor
(Roche). Two percent of the NP-40-soluble lysate and of the NP-40-insoluble
pellet were analyzed by Western blotting. Subcellular fractions were also gener-
ated using a commercially available sequential extraction procedure (Pierce,
Rockford, IL) according to the manufacturer’s instructions. Each of the five final
fractions were analyzed by Western blotting.

RESULTS

Sumoylation of Rta is not required for LF2 repression. To
determine whether LF2-induced sumoylation of Rta is re-
quired for inhibition of transactivation, Rta residues that be-
come SUMO modified in the presence of LF2 were identified
by using a candidate lysine approach. We previously demon-
strated that lysines 19, 213, and 517, which are reported to be
SUMO modified (10), are not essential for LF2 repression.

The SUMOplot algorithm (Abgent, San Diego, CA) predicts
lysine 316 as the most probable SUMO acceptor site within
Rta. To address the possibility that Rta might be SUMO mod-
ified at any or all of these residues, lysine 316 was mutated to
an arginine in combination with lysines 19, 213, and 517 (Rta
4KR). SUMO modification assays were performed by trans-
fecting Rta or Rta mutants into 293T cells along with His-
tagged SUMO3, with or without Flag-tagged LF2. SUMO-
modified proteins were purified by performing His pull-down
assays under denaturing conditions, which abrogated noncova-
lent protein interactions and inactivated SUMO proteases
(69). When LF2 was cotransfected with His-SUMO3 and Rta
or Rta 4KR, higher-molecular-weight Rta species were specif-
ically pulled down (Fig. 1A). These modified Rta forms were
dependent on the presence of both His-SUMO3 and LF2,
consistent with SUMO3 modification of Rta and Rta 4KR.
This confirms the previously published result that LF2 pro-
motes sumoylation of Rta (5) and demonstrates that this
sumoylation is not significantly reduced by the 4KR mutations.

The above results argue that LF2-induced Rta sumoylation
must occur at lysines not previously reported or predicted to be
SUMO modified. Of the 31 lysines within Rta, only 4 are
present within the activation domain. We considered these to
be likely candidates for SUMO modification because the Rta
activation domain fused to the GAL4 DNA binding domain is
susceptible to LF2 repression (5). Indeed, mutation of these
four lysine residues, 426, 446, 517, and 530, to arginines (Rta
4KR-AD) resulted in the complete loss of Rta sumoylation

FIG. 1. LF2-dependent sumoylation of Rta is not essential for repression of Rta by LF2. (A) Sumoylation assay to detect SUMO3 modification
of Rta (wild type [wt]), Rta K19R K213R K316R K517R (4KR), or Rta K426R K446R K517R K530R (4KR-AD) in the presence of Flag-LF2.
Western blotting with anti-Rta antibodies (upper panels) demonstrated the levels of SUMO3-modified Rta or Rta mutants in the presence of
Flag-LF2. Input lysates (1%) for pull-down assays are shown in the left half of each panel. Western blotting using anti-Flag antibodies revealed
bands corresponding to SUMO3-modified LF2 (lower right panel). (B) Sumoylation assay to detect SUMO3 modification of wt Rta, Rta 4KR-AD,
Rta K426R K446R K517R (K530), Rta K426R K446R K530R (K517), Rta K426R K517R K530R (K446), or Rta K446R K517R K530R (K426).
Western blotting with anti-Rta antibodies (upper panels) demonstrated the level of SUMO3-modified wt Rta or Rta mutant in the presence of
Flag-LF2. Input lysates (1%) for pull-down assays are shown in the left half of each panel. (C) Reporter assay results from 293T cells transfected
with a BALF2 promoter-driven luciferase reporter construct with or without Rta or Rta 4KR-AD in the presence or absence of Flag-LF2.
Luciferase activities are shown as fold activation over reporter alone and were normalized for transfection efficiency as determined by �-galac-
tosidase activity. Data are averages for six transfections from three independent experiments. Error bars indicate standard deviations. Western blot
assays of the cell lysates with anti-Rta and anti-Flag antibodies demonstrated Rta and LF2 protein expression levels.
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(Fig. 1A). Flag-LF2 was pulled down with His-SUMO3, which
confirmed that LF2 itself is SUMO modified under these con-
ditions and served as an internal control to demonstrate the
consistency among His pull-down assays.

To determine which of the four lysine residues is targeted for
sumoylation by LF2, four single lysine revertant mutants of Rta
4KR-AD were made (K426, K446, K517, and K530) and tested
for sumoylation as described above (Fig. 1B). These assays re-
vealed that any of these four lysine residues could serve as a
SUMO acceptor site but that lysine 426 appeared to be the pre-
ferred residue for sumoylation. The limited ability of lysine 517 to
serve as a SUMO acceptor is consistent with the insignificant
decrease in sumoylation seen with the original Rta 4KR mutant.

In luciferase reporter gene assays, Rta 4KR-AD activated
the BALF2 promoter about 35-fold, comparable to the 50-fold
activation seen with wild-type Rta (Fig. 1C). LF2 cotransfec-
tion completely abrogated the ability of Rta as well as that of
Rta 4KR-AD to transactivate the BALF2 promoter. Because
Rta 4KR-AD is not SUMO modified in the presence of LF2
but is repressed to the same extent as wild-type Rta under the
conditions tested, we conclude that Rta sumoylation is not
essential for LF2-mediated repression.

LF2 redistributes Rta out of the nucleus to the cytoskeleton.
A notable feature of the LF2-Rta interaction is that Rta pro-
tein levels become substantially increased in the presence of

LF2, despite reduced Rta activity. This does not appear to be
due to LF2 transcriptional activation of the cytomegalovirus
(CMV) promoter, because LF2 does not exert this effect on
CMV-driven reporter genes or on other proteins expressed
from the same pcDNA3 vector used to express Rta (data not
shown). Although SUMO modification may enhance Rta pro-
tein stability, the Rta 4KR-AD experiments described above
argue that sumoylation is not required for Rta protein levels to
increase in the presence of LF2 (Fig. 1C). Rather, the accu-
mulation of Rta induced by LF2 appears to correlate with Rta
repression. Indeed, transcription factor degradation and activa-
tion are reported to be functionally linked (56, 66). For example,
when transcription factors are sequestered into nuclear domain
10 (PML) bodies, their protein levels are frequently increased (57,
74). We sought to determine if LF2 relocalization of Rta into one
of these transcriptionally inactive sites might be the cause of Rta
repression and protein accumulation.

To assess whether LF2 affects Rta localization, we expressed
Rta and Flag-tagged LF2 alone and in combination in 293T
cells and performed crude cytoplasmic-nuclear fractionations
based on the method of Dignam et al. (17). Western blotting
confirmed that �-tubulin, a cytoplasmic protein, was predom-
inantly in the supernatant and that lamin B, a nuclear protein,
localized to the pellet (Fig. 2A, panel i). Western blotting
revealed that the majorities of Rta and LF2 were in the pellet.

FIG. 2. Coexpression of LF2 results in redistribution of Rta out of the nucleus to the cytoskeleton. (A) Crude cytoplasmic nuclear fractionation
and subsequent NP-40 extraction of the nuclear fraction. 293T cells were transfected with Rta, Flag-LF2, or both, harvested 48 h after transfection,
and fractionated. (i) One percent of the cytoplasmic and crude nuclear fractions was analyzed by Western blotting using anti-Rta and anti-Flag
antibodies. (ii) The crude nuclear fraction was lysed in 1% NP-40 buffer and fractionated into soluble and insoluble components by centrifugation.
Two percent of the NP-40 lysate and pellet were analyzed by Western blotting. (B) Immunofluorescence analysis of 293T cells transfected with
Flag-LF2, Rta-V5, or both. Cells were subjected to DNA (blue) staining, fixation with 1% paraformaldehyde, indirect immunofluorescence using
anti-Flag (red) and anti-V5 (green) antibodies, and confocal microscopy. Single-channel and merged images are shown. (C) Subcellular fraction-
ation of 293T cells transfected with Rta, Flag-LF2, or both. Transfected cells were fractionated into cytoplasm, membrane, nucleoplasm,
chromatin-bound, and cytoskeleton fractions and analyzed by Western blotting using anti-Rta and anti-Flag antibodies. Purity of the fractions was
monitored by blotting for �-tubulin, BRG1, and lamin B.
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Therefore, this crude nuclear fraction was further extracted
into NP-40-soluble and -insoluble fractions. As expected, lamin
B, a component of the nuclear matrix, was predominantly found
in the NP-40-insoluble fraction (Fig. 2A, panel ii). Western blot-
ting for Flag demonstrated that LF2 was always found in the
NP-40-insoluble component of the crude nuclear fraction. Rta,
when expressed alone, was distributed approximately equally in
the NP-40-soluble and -insoluble fractions, with a small amount
present in the cytoplasm. When cotransfected with LF2, however,
Rta was completely redistributed into the NP-40-insoluble frac-
tion, suggesting that LF2 sequesters Rta into an NP-40-insoluble
compartment, such as the nuclear matrix.

The subcellular localization of Rta in the presence of LF2 was
also examined by immunofluorescence microscopy using V5-
tagged Rta and Flag-tagged LF2 expressed alone or in combina-
tion in 293T cells. Surprisingly, LF2 was detected exclusively in
the perinuclear cytoplasm (Fig. 2B). The cytoplasmic localization
was confirmed for untagged LF2 by immunofluorescence (data
not shown) and green fluorescent protein (GFP)-tagged LF2 (see
Fig. S1 and S2 in the supplemental material). Rta expressed alone
was predominantly nuclear. Coexpression of LF2 resulted in a
dramatic relocalization of Rta to the cytoplasm (Fig. 2B). These
results confirmed that Rta relocalizes in the presence of LF2 and
suggested that Rta exclusion from the nucleus may mediate LF2’s
repressive effects on Rta.

Because nuclei prepared by the Dignam method frequently
have cytoplasmic contamination, we sought to more precisely
define the subcellular localization of the LF2-Rta complex. Rta
and Flag-LF2 were again expressed alone and in combination
in 293T cells. The transfected cells were fractionated into cy-
toplasm, membrane, nucleoplasm, chromatin-bound, and cy-
toskeleton fractions by a sequential extraction procedure.
Fractions were monitored using control antibodies for proteins
of known localizations: �-tubulin (cytoplasm), BRG1 (nucleo-
plasm and chromatin), and lamin B (nuclear matrix/cytoskel-
eton). LF2 was predominantly detected in the cytoskeletal
fraction and was not affected by Rta cotransfection (Fig. 2C).
By contrast, Rta was found mostly in the nucleoplasm when
expressed alone but, in the presence of coexpressed LF2, was
enriched in the cytoskeletal fraction and depleted from the
nucleoplasm. These data and the fluorescence microscopy
analysis (Fig. 2A and B) (see Fig. S2 in the supplemental
material) suggest that exogenously expressed LF2 localizes to
a cytoskeletal compartment that appears to be juxtaposed to
the nucleus. In the presence of LF2, Rta is substantially ex-
cluded from the nucleoplasm and colocalizes with LF2.

LF2 binding to Rta is required for repression and redistri-
bution. To facilitate testing of whether LF2-mediated relocal-
ization is required for Rta repression, the LF2 binding site
within Rta was mapped. Our previous data had suggested that the
C-terminal 149 aa of the Rta activation domain are required for
interaction with LF2 (5). Because this region includes the epitope
detected by the 8C12 Rta monoclonal antibody, Rta deletion
mutants were constructed with a C-terminal V5 tag to permit
Western blotting. As expected, Rta-V5 strongly interacted with
Flag-LF2. In contrast, Rta-�476-519-V5 was not detected in the
Flag immunoprecipitation reaction (Fig. 3A). Because stringent
extraction conditions (1% NP-40 buffer containing 300 mM
NaCl) were required to solubilize LF2-Rta complexes, we cannot
exclude the possibility of weak residual binding between LF2 and

Rta-�476-519-V5, as is suggested by the accumulation of this Rta
deletion mutant in the presence of LF2. Nevertheless, our data
demonstrate that Rta with aa 476 to 519 deleted is highly deficient
for LF2 binding.

To determine whether LF2 binding is required for LF2 re-
pression of Rta transactivation, full-length Rta and Rta �476–
519 were assessed for BALF2 promoter activation in the ab-
sence and presence of LF2. Consistent with previous reports
that Rta aa 416 to 519 serve as an accessory activation domain
(33), Rta �476–519 activated less than the full-length protein
(Fig. 3B). Wild-type Rta activation was reduced in the pres-
ence of LF2 to background levels, but Rta �476–519 activation
was only moderately reduced (about 33%), retaining activation
at levels considerably higher than the background.

The effect of LF2 binding on Rta localization was assessed
by expressing Rta or Rta �476–519 in the presence or absence
of Flag-LF2 in 293T cells and determining their localization by
immunofluorescence. In the absence of LF2, both Rta and Rta
�476–519 were almost exclusively nuclear (Fig. 3C). Wild-type
Rta was substantially relocalized out of the nucleus in the
presence of LF2, whereas Rta �476–519 showed only a modest
decrease in nuclear staining with LF2 coexpression (Fig. 3C).
To quantify the effect of LF2 on Rta localization under each
condition, at least 100 cells were observed and classified as
demonstrating exclusively cytoplasmic, exclusively nuclear, or
cytoplasmic and nuclear Rta staining. When LF2 and wild-type
Rta were coexpressed, cells exhibiting exclusively nuclear stain-
ing were not observed, and only 26% of cells showed any
nuclear Rta staining. By contrast, in the presence of LF2, Rta
�476–519 nuclear localization was only modestly reduced: 77%
of cells showed partial or complete nuclear Rta localization.
Thus, an Rta mutant with 44 aa deleted within the accessory
activation domain is markedly impaired for LF2 binding, is
relocalized to the cytoplasm with substantially lower efficiency,
and is resistant to LF2 repression.

Rta aa 500 to 526 are sufficient to confer LF2-mediated
redistribution and repression onto an artificial transcription
factor. Because Rta �476–519 may have some residual capacity
to interact with LF2, we investigated whether this Rta domain
is sufficient to mediate LF2 interaction. The ability of Rta
residues to confer LF2 repression onto the artificial transcrip-
tion factor GAL4-VP16, in which the GAL4 DNA binding
domain is fused to the VP16 activation domain, was tested.
Consistent with our previous report (5), GAL4-VP16 was not
repressed by LF2 coexpresssion (Fig. 4A). Additionally, when
Rta aa 480 to 501 or aa 527 to 550 were fused in frame between
the GAL4-VP16 DNA binding and activation domains, no LF2
repressive effects were observed. In contrast, fusion of Rta aa
500 to 526 to GAL4-VP16 resulted in a transcription factor
whose activity was inhibited by 90% when LF2 was cotrans-
fected. Although the GAL4-VP16 fusion proteins could be
detected by immunofluorescence (Fig. 4B), their expression
could not be demonstrated by Western blotting despite robust
activity in reporter assays. This is consistent with other reports
using GAL4-VP16 fusion proteins (67). Only the LF2-re-
pressed GAL4-500-526-VP16 accumulated to detectible levels
in the presence of LF2, providing further evidence that LF2-
mediated repression results in accumulation of the inhibited
transactivator.

To investigate whether the LF2 repression was due to relo-

9924 HEILMANN ET AL. J. VIROL.



calization, GAL4-VP16 by itself or fused to Rta aa 480 to 501,
500 to 526, or 527 to 550 was transiently expressed along with
Flag-LF2. Immunofluorescence was performed using VP16
and Flag antibodies. Like Rta, GAL4-500-526-VP16 was cyto-
plasmic in the presence of Flag-LF2. By contrast, GAL4-VP16
by itself or fused to Rta aa 480 to 501 or 527 to 550 was
detected in the nucleus when coexpressed with LF2 (Fig. 4B).
These data suggest that Rta residues within aa 500 to 526 are
sufficient to confer LF2-mediated transcriptional repression
and redistribution out of the nucleus.

LF2 does not inhibit Rta activation of the BZLF1 or BRLF1
immediate-early gene promoters. Our previous data and the
above experiments suggest that LF2 inhibits Rta transactiva-
tion of lytic promoters that contain RREs, such as the BALF2
promoter (5). In order to test whether LF2 can affect activation
of promoters that lack RREs, reporter assays with the BRLF1
and BZLF1 promoters were performed. In the absence of LF2,
Rta activated the BRLF1 promoter (Rp) approximately 20-
fold, and coexpression of LF2 did not significantly impair this
activation (Fig. 5i). The BZLF1 promoter (Zp) was activated
approximately 25-fold by Rta expression, and coexpression of
LF2 resulted in 2-fold further activation (Fig.5ii). Thus, LF2
relocalization of Rta out of the nucleus does not impair Rp or
Zp activation, consistent with induction of cytoplasmic signal-

ing as an important mechanism of Rta upregulation of these
immediate-early promoters.

LF2 inhibition of RRE-containing promoters requires direct
binding of LF2 to Rta but not Rta sumoylation. In order to test
whether effects of the LF2 binding-deficient and sumoylation-
deficient Rta mutants observed on BALF2 promoter activation
were characteristic of RRE-containing promoters in general,
the effects of these mutants were tested on the BMLF1 and
BMRF1 promoters. As with the BALF2 promoter, Rta �476–
519 activation of the BMLF1 and BMRF1 promoters was ap-
proximately half that seen with wild-type Rta and was not
decreased by LF2 coexpression (Fig. 6). Further, Rta �476–
519 was expressed at levels comparable to wild-type Rta but
accumulated to a lesser extent in the presence of LF2. By
contrast, the sumoylation-deficient Rta 4KR-AD mutant was
indistinguishable from wild-type Rta in its activation of the
BMLF1 and BMRF1 promoters, and this activation was in-
hibited by LF2 comparably to that seen with wild-type Rta.
These data suggest that results obtained with the BALF2
promoter were representative of RRE promoters in general:
LF2 binding is essential for inhibition of Rta activation, but
sumoylation is not.

LF2 mutants defective for Rta redistribution cannot repress
Rta. To define the LF2 domains that confer Rta repression and

FIG. 3. LF2 binding to Rta is required for repression and redistribution of Rta. (A) Coimmunoprecipitation assay using 293T cells transfected
with V5-tagged full-length Rta (1–605) or Rta with aa 476 to 519 deleted (�476–519) in the presence or absence of Flag-LF2. Proteins
immunoprecipitated by anti-Flag agarose from high-salt 1% NP-40 lysates were identified by Western blotting (right panels) with anti-V5 and
anti-Flag antibodies. In each case, 2% of the input lysate is shown for comparison (left panels). (B) Reporter assay results from 293T cells
transfected with a BALF2 promoter-driven luciferase reporter with or without Rta-V5 1–605 and �476–519 in the presence or absence of HA-LF2
are shown. Luciferase activities are shown as fold activation compared to reporter alone and were normalized for transfection efficiency as
determined by �-galactosidase activity. Data are averages for six transfections from three independent experiments. Error bars indicate standard
deviations. Western blot results of the cell lysates with anti-V5 and anti-LF2 antibodies demonstrate Rta and LF2 expression levels. (C) Immu-
nofluorescence analysis of 293T cells transfected with Rta-V5 1–605 or �476–519 in the presence or absence of Flag-LF2. After DNA staining and
fixation, the cells were subjected to indirect immunofluorescence using anti-V5 and anti-Flag antibodies and confocal microscopy. (i) Number of
cells observed with exclusively nuclear, exclusively cytoplasmic, and nuclear and cytoplasmic V5 staining in the presence or absence of Flag-LF2.
(ii) Merged representative images of the green (anti-V5), red (anti-Flag), and blue (DNA) channels.

VOL. 84, 2010 EPSTEIN-BARR VIRUS LF2 REGULATES Rta LOCALIZATION 9925



cytoskeletal localization, a series of eight 50-aa deletions
(�1–50 to �351–400) and one C-terminal 29-aa deletion
(�401–429) were constructed. The resulting nine LF2 deletion
mutants and full-length LF2 (1–429) were tested for their abil-
ity to prevent Rta activation of the BALF2 promoter in re-
porter gene assays. Only LF2 �401–429 reduced Rta transac-
tivation to the same extent as full-length LF2 (Fig. 7A). None
of the other LF2 deletion mutants significantly affected Rta-

induced activation of the BALF2 promoter, despite the fact
that these deletions were expressed.

Subcellular fractionation of 293T cells cotransfected with
the HA-tagged LF2 deletions and Rta demonstrated that only
LF2 �401–429 resulted in accumulation of Rta in the cytoskel-
etal fraction, as seen with full-length LF2 (Fig. 7B). To confirm
this correlation of Rta repression and relocalization, dsRed-
tagged Rta was cotransfected with GFP-tagged LF2 deletions,
and the subcellular localizations of Rta and LF2 were exam-
ined by fluorescence microscopy. Coexpression of LF2 1–429
or �401–429 resulted in the redistribution of otherwise-nuclear
dsRed-Rta (see Fig. S1 in the supplemental material). The
redistributed dsRed-Rta localized to a perinuclear ring, while
dsRed-Rta in the presence of other LF2 deletion mutants
remained exclusively nuclear. Interestingly, although most of
the LF2 mutants were defective for repression, they all showed
the same juxtanuclear distribution as wild-type LF2 (see Fig.
S1 and S2 in the supplemental material), suggesting that they
are not grossly misfolded. Thus, the C-terminal 29 aa of LF2
are dispensable for Rta repression and relocalization, but the
Rta binding domain could not be further defined within the
first 400 aa of LF2 based on this panel of deletion mutants.

Rta relocalizes to the cytoskeleton during replication of an
LF2-positive EBV genome. In order to assess LF2 effects on
Rta during replication of the EBV genome, we compared Rta
localization in B95-8 cells, which lack LF2, to B95-8 cells stably
transfected with LF2 and to P3HR1 cells, which contain an
intact LF2 gene. To allow efficient induction of lytic replica-
tion, Zta fused to the hydroxytamoxifen-responsive estrogen
receptor hormone binding domain (Z-HT) was stably ex-
pressed in B95-8 (B95/Z-HT) and P3HR1 (P3/Z-HT) cells.
Addition of 4-hydroxy-tamoxifen (4HT) results in nuclear
translocation of the otherwise cytoplasmic Z-HT and induces
the lytic cascade.

FIG. 4. Rta aa 500 to 526 are sufficient to confer LF2-dependent
repression and redistribution onto GAL4-VP16. (A) Reporter assay
results from 293T cells transfected with luciferase GAL4 reporter
constructs along with GAL4-VP16 or with Rta aa 480 to 501, aa 500 to
526, or aa 527 to 550 fused between the GAL4 DNA binding domain
and the VP16 activation domain (GAL4-VP16, 480–501, 500–526, and
527–550) in the presence or absence of HA-LF2 are shown. Luciferase
activities are shown as fold activation over reporter alone and were
normalized for transfection efficiency as determined by �-galactosidase
activity. Data are averages for six transfections from three independent
experiments. Error bars indicate standard errors of the means. West-
ern blots of the cell lysates with anti-VP16 and anti-HA antibodies are
shown below the graph. (B) Indirect immunofluorescence analysis of
293T cells transfected with GAL4-VP16, 480–501, 500–526, or 527–550
in the presence or absence of Flag-LF2. Single-channel (green, anti-
VP16; red, anti-Flag; blue, DNA) and merged images are shown.

FIG. 5. LF2 does not inhibit Rta activation of the BRLF1 or
BZLF1 promoter. Reporter assay results from 293T cells transfected
with luciferase reporter constructs from the BLRF1 (Rp) (i) or BZLF1
(Zp) promoter (ii) with or without Rta-V5 and LF2-HA are shown.
Luciferase activities are shown as fold activation over reporter alone
and were normalized for transfection efficiency as determined by �-ga-
lactosidase activity. Data are averages for six transfections from three
independent experiments. Error bars indicate standard deviations.
Western blots of the cell lysates with anti-Rta and anti-LF2 antibodies
demonstrated Rta and LF2 protein expression levels.
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For stable expression in B95/Z-HT cells, the episomal
pCEP4 vector containing Flag-LF2 or GFP was used. After
hygromycin selection, B95/Z-HT cells expressing Flag-LF2 or
GFP were induced for lytic replication and subjected to sub-
cellular fractionation at 24 and 72 h after addition of 4HT. LF2
was found predominantly in the cytoskeletal fraction (Fig. 8A),
and its expression increased over time, possibly due to activa-
tion of the pCEP4 CMV promoter during EBV replication.
Compared to GFP-expressing controls, cytoskeletal-associated
Rta increased when LF2 was expressed in B95/Z-HT, albeit to
a lesser extent than seen in P3/Z-HT cells. Surprisingly, immu-
nofluorescence microscopy demonstrated that only about 20%
of B95/Z-HT cells expressed detectable Flag-LF2, despite con-
tinuous culture in hygromycin (see Fig. S3 in the supplemental

material). This suggests that the degree of Rta redistribution in
response to LF2 may be much greater than that observed, since
80% of fractionated cells did not contain detectable levels of
LF2.

Although profiling experiments have demonstrated that LF2
mRNA levels are detectible by 8 h and peak within 12 h of lytic
induction, LF2 protein expression levels during replication
have never been reported. Preliminary experiments using LF2-
specific rabbit sera (see Fig. S4 in the supplemental material)
detected a 45-kDa band corresponding to the predicted size of
LF2 in P3/Z-HT cells within 48 h of 4-HT addition (Fig. 8B
and C and unpublished observations). This band was not de-
tected in B95/Z-HT cells. These experiments demonstrated
that LF2 is expressed in P3HR1 cells during lytic replication
and that LF2 protein levels are increasing during the first 72 h
postinduction. We therefore induced P3/Z-HT and B95/Z-HT
cells for 24, 48, and 72 h and collected nucleoplasmic, chro-
matin, and cytoskeletal fractions (Fig. 8C). As previously
found, detection of nuclear/chromatin (BRG1) and cytoskel-
etal (lamin B) markers was used to monitor subcellular frac-
tion purity. Western blotting revealed that LF2 was enriched in
the cytoskeletal fraction of P3/Z-HT cells at 72 h and to a
lesser degree at 48 h. LF2 appeared to be predominantly nu-
cleoplasmic at 24 h in P3/Z-HT cells.

Rta protein was detected primarily in the nucleoplasm of
P3/Z-HT cells at 24 h. With time, nucleoplasmic Rta levels
decreased, and Rta accumulated in the cytoskeleton. By 72 h,
Rta was mostly cytoskeletal in the P3/Z-HT cells. Thus, the Rta
distribution correlates with LF2 protein expression in P3/Z-HT
cells in a temporal and spatial fashion. By contrast, in B95/
Z-HT cells, Rta was detected equally in the nucleoplasmic,
chromatin, and cytoskeletal fractions, and this distribution did
not change over time. LF2 was absent in all three B95/Z-HT
fractions at any time point.

To identify differences in lytic cascade activation, expression
of the protein products of the Zta-responsive BMRF1 gene
and the Rta-responsive BLRF2 gene were examined. In both
P3/Z-HT and B95/Z-HT cells, BMRF1 protein was detectable
in the nucleoplasmic and chromatin fractions at 24 h and
increased through the 72-h time point. There were no signifi-
cant differences in the level or distribution of BMRF1 between
the two cell lines. By contrast, BLRF2 expression was markedly
delayed in P3/Z-HT cells compared to B95/Z-HT cells during
replication. In B95/Z-HT cells, the BLRF2 protein was highly
expressed in the nucleoplasm and chromatin fractions by 24 h
and remained at elevated levels through 72 h. In P3/Z-HT
cells, BLRF2 distribution was similar, but expression levels
were markedly decreased at the earlier time points and this
difference persisted to a lesser degree through 72 h. In sum-
mary, proteins encoded by early and late genes are expressed
in the presence or absence of LF2. The observation that the
Rta-responsive BLRF2 gene product can be expressed at lower
levels with delayed kinetics in P3/Z-HT cells suggests that Rta
activity is decreased in these cells compared to B95/Z-HT.

DISCUSSION

Data presented here demonstrate that Rta redistributes
from the nucleoplasm to the cytoskeleton during EBV repli-
cation. This event is mediated by LF2, as coexpression of LF2

FIG. 6. LF2 binding is required for inhibition of Rta activation of
RRE-containing lytic promoters, but Rta sumoylation is not. Reporter
assay results from 293T cells transfected with luciferase reporter con-
structs from the BMLF1 (A) or BMRF1 (B) promoter with or without
Rta-V5 1–605, Rta-V5 �476–519, or Rta 4KR-AD in the presence or
absence of LF2-HA. Luciferase activities are shown as fold activation
over reporter alone and were normalized for transfection efficiency as
determined by �-galactosidase activity. Data are averages for six trans-
fections from three independent experiments. Error bars indicate stan-
dard deviations. Western blots of the cell lysates with anti-V5, anti-
Rta, and anti-LF2 antibodies demonstrate Rta and LF2 protein
expression levels.
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in the absence of other EBV proteins is sufficient for Rta
redistribution. Moreover, Rta redistribution is not observed
during EBV replication in LF2-deficient B95-8 cells but does
occur when LF2 is exogenously expressed. Direct binding of
LF2 to Rta appears to be critical, because an Rta mutant
deficient for LF2 binding is not efficiently relocalized. Our
experiments leave open the question of whether LF2 initially
encounters Rta in the nucleus or the cytoplasm. At least three
mechanisms of Rta nuclear exclusion can be imagined. LF2
may sequester Rta in the cytoplasm by tethering it to the
extranuclear cytoskeleton, LF2 may compete with an Rta bind-
ing partner required for nuclear localization, or LF2 may in-
duce an Rta modification that retains Rta outside of the nu-
cleus. Many cell transcription factors are regulated by
exclusion from the nucleus (76), and there are examples for all
three mechanisms in the literature: the antioxidant response
element transcription factor Nrf2 is sequestered in the cyto-
plasm by Keap1, which anchors Nrf2 to the actin cytoskeleton
(41); NF-�B heterodimers are retained in the cytoplasm
through masking of their nuclear localization signal by I�B
proteins (34, 58); monoubiquitination promotes cytoplasmic
localization of p53 (7, 8).

Our finding that the sumoylation-deficient Rta mutant
4KR-AD is efficiently repressed and relocalized in the pres-
ence of LF2 (Fig. 1C and data not shown) argues that sumoyl-
ation is not responsible for Rta redistribution. It is possible
that LF2 induces modifications other than sumoylation that
play a role in Rta localization. However, these modifications
would have to occur within the 27-aa core of the LF2 binding
site or be induced by this binding site in both Rta and the
unrelated GAL4-VP16 sequence. The GAL4-VP16 experi-
ment also suggests that nuclear localization signal masking is
an unlikely mechanism. Thus, we favor a sequestration mech-
anism. Sequestration is supported by the observation that Rta
accumulates in the same subcellular fraction as LF2. Further,
sequestration best explains how the core of the LF2 binding
site is sufficient to confer relocalization and repression onto the
heterologous GAL4-VP16 transcription factor. Additionally,
the inability of LF2 to inhibit activation of Zp and Rp, which
can be activated without direct binding of Rta to RREs, is
consistent with a sequestration mechanism. Although Rta ex-
clusion from the nucleus is clearly sufficient for repression of
RRE-containing promoters, an important outstanding ques-
tion is whether Rta redistribution is essential. The strong cor-
relation of Rta repression and redistribution observed for the
LF2 deletion mutants suggests that it is. The proposed seques-
tration mechanism predicts that LF2 binds to a cell protein in
order to tether the Rta-LF2 complex in the cytoskeleton.

Attempts to prove this sequestration mechanism by making
specific mutations in LF2 have been hampered by the lack of
an LF2 structure or defined subdomains. LF2 is thought to
have evolved from the herpesvirus dUTPase gene, which en-

FIG. 7. LF2 mutants defective for Rta redistribution cannot re-
press Rta. (A) Reporter assay results from 293T cells transfected with
a BALF2 promoter-driven luciferase reporter with or without Rta in
the presence or absence of HA-tagged full-length LF2 (1–429) or the
indicated LF2 deletion mutants. Luciferase activities are shown as fold
activation over reporter alone and were normalized for transfection
efficiency as determined by �-galactosidase activity. Data are averages
for six transfections from three independent experiments. Error bars
indicate standard deviations. Western blots of the cell lysates with
anti-Rta and anti-HA antibodies demonstrated Rta and LF2 protein
expression levels. (B) 293T cells were transfected with Rta in the
presence or absence of HA-tagged full-length LF2 or the indicated
LF2 deletion constructs and fractionated. The cytoskeletal fraction was
analyzed by Western blotting using anti-Rta and anti-HA antibodies.
Detection of lamin B was used to demonstrate relative purity of the
cytoskeletal fraction in comparison to other fractions (not shown) and
served as a loading control. (C) Summary of fluorescence microscopy
analysis (see Fig. S1) of 293T cells transfected with dsRed-tagged Rta

in the presence or absence of GFP-tagged LF2 (1–429) or LF2 deletion
constructs (�1–50, �51–100, �101–150, �151–200, �201–250, �251–
300, �301–350, �351–400, �401–429). Transfected cells were observed
by confocal microscopy and scored for the cytoplasmic redistribution
of dsRed signal.
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codes a protein that folds into a single globular structure (15).
Current threading algorithms (42) using the EBV dUTPase
structure as a basis predict folds for only about 25% of the LF2
residues. Consequently, we constructed 50-aa deletions span-
ning the LF2 protein in an effort to define an LF2 mutant
competent for Rta binding that could not relocalize Rta. With
the exception of LF2 with the C-terminal 29 aa deleted, all LF2
mutants studied failed to repress or relocalize Rta. While this
supports a correlation between repression and relocalization,
50-aa deletions could disrupt the folding of a globular protein
like LF2. On the other hand, the LF2 mutants exhibited the
same localization as wild-type LF2 (see Fig. S1 in the supple-
mental material) and only slightly reduced expression levels
(Fig. 7), suggesting that they are not grossly misfolded. Con-
struction of LF2 mutants that are deficient for specific func-
tions or protein interactions remains an important unresolved
problem.

By contrast, efforts to map the LF2 binding domain within
Rta were highly successful, identifying a 27-aa sequence that is
a critical mediator of LF2 effects. This likely reflects the mod-
ular architecture of the Rta protein, which has well-delineated
DNA binding and transcriptional activation domains. The
newly identified LF2 binding site falls within the accessory
activation domain and contains a cluster of residues that are
highly conserved among Rta homologues of other lymphocryp-
toviruses (see Fig. S5 in the supplemental material). Secondary
structure algorithms predict an �-helix within these conserved
residues, and it is tempting to view this LF2 binding domain as
a rod-like structure that is enveloped by the globular LF2
protein. The fact that the 8C12 monoclonal epitope overlaps
with this binding site and can recognize Rta in its native con-
formation (e.g., immunofluorescence or immunoprecipitation)
lends further support to the notion that this binding site is
readily accessible on the surface of the Rta protein. LF2 bind-
ing has also been mapped to the central inhibitory association
domain of IRF7 (aa 285 to 457) (72). Although limited regions
of homology can be identified between these two binding sites,
the IRF7 site will need to be more precisely mapped before it
can be reliably judged whether LF2 binds to these proteins via
the same mechanism.

Our results demonstrate that the Rta activation domain be-
comes SUMO modified in the presence of LF2. Rta lysine 426
is the predominant SUMO acceptor, but lysines 446, 517, and
530 can also be SUMO modified to a lesser degree. Rta SUMO
modification is not required for activation or essential for LF2-
mediated repression, but we cannot completely exclude a role
for SUMO modification in LF2-mediated effects. For example,
sumoylation may be an important means of Rta inactivation if
LF2 levels are limiting or Rta sequestration is incomplete. Our
studies of P3HR1 cells demonstrated that Rta persists in the
nucleoplasm at 72 h, despite substantial redistribution to the
cytoskeletal compartment. Whether nucleoplasmic Rta is fur-
ther inhibited by LF2-induced sumoylation or inhibition of
DNA binding, as we have previously observed, is unknown.
Introduction of the Rta 4KR-AD mutant into a recombinant
EBV genome may uncover a role for Rta sumoylation that is
not apparent in transient assays. It is also possible that sumoyl-
ation of LF2 is what determines its localization and, indirectly,
mediates Rta relocalization. Alternatively, if LF2 is a SUMO
E3 ligase or recruits one, other proteins bound by LF2 may
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FIG. 8. Rta relocalizes from the nucleoplasm to the cytoskeleton
during replication of an LF2-positive EBV genome. (A) B95-8 cells
that stably express Zta-HT and GFP or Flag-LF2 were induced for
replication by treatment with 4HT for 24 or 72 h and fractionated into
cytoplasm, membrane, nucleoplasm, chromatin-bound, and cytoskele-
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Western blot results with anti-LF2 polyclonal rabbit sera. B95-8 or
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4HT for 72 h and lysed in SDS loading buffer. Detection of lamin B
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become sumolyated. IRF7 is a potential candidate; however, in
preliminary experiments SUMO-modified IRF7 levels were
not increased by LF2 coexpression.

The precise role of LF2 in EBV biology remains uncertain.
However, our results may explain why Rta activates promoters
through two distinct mechanisms. LF2 sequestration of Rta
markedly impairs activation of RRE-containing promoters
without significantly affecting activation of promoters that lack
RREs. If LF2 is an EBV virion protein, as are its homologues
in other gammaherpesviruses (4, 75), this differential regula-
tion of Rta may play out in the newly infected cell. In this
setting, in cells in which the immediate-early promoters are
activated, LF2 would prevent EBV replication but allow acti-
vation of other promoters through mechanisms that do not
involve Rta binding to RREs (32). LF2 is unlikely to accom-
plish this feat alone, as “abortive” lytic replication has been
observed in experiments with LF2-negative B95-8 genomes
(40). In those experiments, the unmethylated state of the newly
delivered EBV genome was proposed to prevent activation of
replication by Zta. It is also probable that LF2’s ability to
inhibit IRF7 signaling is most important during initial infec-
tion. Thus, the inclusion of LF2 into the EBV tegument could
foster the establishment of latent infection and allow activation
of a subset of Rta-responsive promoters, while simultaneously
subverting the cell’s innate immune response.

Our current results suggest an important role for LF2 in cells
undergoing EBV replication as well. Although LF2 can abro-
gate EBV replication when transfected into EBV-positive cells
(5), this activity must be regulated for EBV to be able to
reproduce itself. Data presented here clearly demonstrate that
despite LF2 expression and Rta relocalization in P3HR1 cells,
both early and late gene expression proceeds. It is likely that
the lower levels of LF2 expression directed by its endogenous
promoter temper the ability of LF2 to block replication. LF2
levels may accumulate during replication to some threshold
level and serve as a feedback mechanism to force the cell to
exit replication and, potentially, to survive. LF2 could also
define an upper limit for lytic gene product expression that
might otherwise reach toxic levels. The EBV SM protein may
also act in this fashion, by limiting the feed-forward activation
of Rta on its own promoter (71). Alternatively, LF2 may be
required to balance the expression of lytic genes controlled by
Rta with those regulated by Zta. Our results show that BMRF1
expression, driven by the combined effects of ectopic Z-HT
and endogenous Zta, is similar in induced B95/Z-HT and P3/
Z-HT cells. In contrast, BLRF2 is markedly less well expressed
in P3/Z-HT cells. Although Zta has been reported to repress
BLRF2 expression, differences in Zta activity seem unlikely in
view of the BMRF1 data. Instead, the decrease in BLRF2
levels in P3/Z-HT is probably due to reduced Rta activity. This
did not appear to be due to differences in Rta expression, but
we cannot exclude unmeasured effects, such as differences in
BRRF1 (Na) coactivation of Rta. To control for these possi-
bilities, an EBV genome selectively deleted for the LF2 open
reading frame is being constructed which should allow the
effects of LF2 to be studied in an isogenic background. Nev-
ertheless, the observation that Rta is redistributed during EBV
replication of the P3HR1 genome, but not the B95-8 genome,
implicates LF2 in the observed differences in BLRF2 expres-
sion and, by extension, in regulation of lytic replication.
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