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Cellular BCL-2 family proteins can inhibit or induce programmed cell death in part by counteracting the
activity of other BCL-2 family members. All sequenced gammaherpesviruses encode a BCL-2 homologue that
potently inhibits apoptosis and apparently escapes some of the regulatory mechanisms that govern the
functions of their cellular counterparts. Examples of these protective proteins include BHRF1 of Epstein-Barr
virus (EBV) and KSBcl-2 of Kaposi’s sarcoma-associated herpesvirus, also known as human herpesvirus 8.
The gamma-1 subgroup of these viruses, such as EBV, encodes a second BCL-2 homologue. We have now found
that this second BCL-2 homologue encoded by EBV, BALF1, inhibits the antiapoptotic activity of EBY BHRF1
and of KSBcl-2 in several transfected cell lines. However, BALF1 failed to inhibit the cellular BCL-2 family
member, BCL-x, . Thus, BALF1 acts as a negative regulator of the survival function of BHRF1, similar to the
counterbalance observed between cellular BCL-2 family members. Unlike the cellular BCL-2 family antago-
nists, BALF1 lacked proapoptotic activity and could not be converted into a proapoptotic factor in a manner
similar to cellular BCL-2 proteins by caspase cleavage or truncation of the N terminus. Coimmunoprecipita-
tion experiments and immunofluorescence assays suggest that a minimal amount, if any, of the BHRF1 and
BALF1 proteins colocalizes inside cells, suggesting that mechanisms other than direct interaction explain the

suppressive function of BALF1.

Apoptosis is a highly regulated, energy-dependent form of
cell suicide. The apoptotic machinery is conserved among
metazoans from worms to humans (33), and choreographed
cell death is required for proper development (53) and tissue
homeostasis (60). In addition, apoptosis serves to protect or-
ganisms by eliminating damaged or superfluous cells. Dysregu-
lation of the death program has been implicated in a variety of
diseases, ranging from Parkinson’s disease in the case of inap-
propriate death of dopaminergic neurons, to cancer where
genetically unstable cells resist the signal to die (72). Proteol-
ysis drives the apoptotic death program. The executioners are
a family of cysteine proteases known as caspases for their
unique predilection for cleavage after aspartate residues (20).
Caspases are ordered into a loose hierarchy of initiators and
executioners based on their structure and substrate specificity.
Caspase activation leads to the stereotypical morphological
changes associated with apoptotic cell death (66).

The apoptotic program can be initiated by a large number of
stimuli, but it appears that higher eukaryotes rely on two main
pathways for activating caspases (9, 66). The extrinsic pathway
is receptor mediated and directly activates an initiator caspase
bound to the receptor complex. The intrinsic pathway monitors
stress inside the cell and inflicts damage to mitochondria, re-
sulting in the release of proapoptotic factors that in turn ac-
celerate the caspase cascade. This mitochondrial step is regu-
lated by the BCL-2 protein family (7, 38). BCL-2 family
members may either induce or repress apoptosis and are de-
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fined by the presence of one or more of the four BCL-2 ho-
mology (BH) domains as well as a C-terminal hydrophobic
domain. It has been proposed that BCL-2 family members can
bind one another in a complex web of dimers and that dimer-
ization serves as a regulatory rheostat controlling the pro- and
antiapoptotic BCL-2 functions through titration (1, 15, 64, 77,
79). However, this model has been challenged by the findings
that many of these dimers may not occur inside cells (36) and
that dimerization defective mutants retain their functions (12).
An unstructured loop region between BH4 and BH3 near the
N terminus of many BCL-2 family proteins is an important
regulatory domain, containing sites for phosphorylation and
proteolytic cleavage (23). Caspase cleavage of antiapoptotic
BCL-2 releases a proapoptotic C-terminal fragment that may
act as a trigger for the death pathway or as a feed-forward loop
to ensure the death of committed cells (11, 16, 22, 28). The
proapoptotic C-terminal fragment induces cytochrome ¢ re-
lease from mitochondria and from synthetic lipid vesicles sim-
ilar to the proapoptotic BCL-2 family member BAX (3, 4, 41).

The host employs apoptosis as a defense against virus infec-
tions. The extrinsic pathway can be engaged by virus-induced
expression of death receptors or as part of the cytotoxic T-cell
response (58, 70, 73), while the intrinsic pathway can be used
as an early-warning system to induce suicide of the infected cell
before the virus has a chance to replicate and escape to other
sites (17). In response, viruses have acquired from their host
cell a number of antiapoptotic genes, often stripped down to
their essential elements, for use against the cell (21, 29). Large
DNA viruses such as poxviruses or herpesviruses are especially
adept at arming themselves with an arsenal of antiapoptotic
proteins, presumably because of the amount of time required
to replicate their genomes.
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Epstein-Barr virus (EBV) is a human gammaherpesvirus
that is widely disseminated and has two distinct phases to its
life cycle. EBV infects oral epithelium, where it undertakes
lytic replication, and resting B cells, where it establishes a
largely latent infection for the life of the host. EBV is closely
associated with a variety of malignancies, such as Burkitt’s
lymphoma, nasopharyngeal carcinoma, and Hodgkin’s disease,
and a number of lymphoproliferative diseases in immunocom-
promised hosts (18). In addition, the gammaherpesviruses all
encode a functional BCL-2 homologue (5, 32, 54, 62). BHRF1
of EBV is an early lytic cycle gene product that inhibits apo-
ptosis induced by a variety of stimuli and may prevent cell
death during viral lytic replication, although other possibilities
remain (25, 27, 32, 37, 40, 71, 75). Interestingly, B-cell-associ-
ated mutant viruses lacking BHRF]1 are still able to replicate in
cell culture (43, 51), raising the possibility of redundant lytic
cycle antideath genes in the EBV genome. Alternatively, this
system may not accurately reflect the situation in vivo. Mar-
shall et al. (52) identified a second BCL-2 homologue encoded
by EBV, BALF1. We show here that BALF1 is conserved in
other gamma-1 viruses and that the BALF1 map position in
these genomes is analogous to that of the antiapoptotic BCL-2
homologues present in gamma-2 herpesviruses like herpesvirus
saimiri and Kaposi’s sarcoma-associated herpesvirus (also
known as human herpesvirus 8) genomes. However, BALF1
proteins are more distantly related to the antiapoptotic her-
pesvirus BCL-2 proteins than to BALF1 proteins from other
viruses, forming a subgroup of BALF1-like proteins (75).

In contrast to the BHRF1-like herpesvirus BCL-2 homo-
logues, we found that EBV BALF1 lacks antiapoptotic activity.
Furthermore, BALF1 impairs the ability of BHRF1 to inhibit
programmed cell death. Therefore, like their cellular counter-
parts where antiapoptotic cellular BCL-2 proteins modulate
the function of proapoptotic cellular BCL-2 family members,
EBYV also encodes an antagonist of its own BCL-2 protein.

MATERIALS AND METHODS

Cloning BALF1 from primate viruses. Genomic libraries were generated from
DNA extracted from baboon, chimpanzee, and gorilla lymphoblastoid B-cell
lines latently infected with cercopithecine herpesvirus 12, pongine herpesvirus 1,
and pongine herpesvirus 3, respectively, inserted into the Lambda FIX II vector
(Stratagene) and amplified in Escherichia coli XL-1 Blue MRA (P2). Plaque lifts
on Nitran+ membranes were screened using EBV BALF1 at low stringency.
Three clones from each virus were further subcloned and sequenced.

Plasmids, cells, viruses, and transfections. All indicated open reading frames
were generated by PCR, confirmed by DNA sequence analysis, and expressed
from the pSGS5 plasmid (Stratagene) or plasmid derivatives containing an N-
terminal hemagglutinin (HA) tag or FLAG tag. BALF1 and BHRF1 were cloned
from cloned fragments of the M-ABA strain of EBV (provided by Nancy Raab-
Traub) and are identical in sequence to B958. Cell lines were maintained in
Dulbecco’s modified Eagle’s medium with glutamine (BHK [baby hamster kid-
ney], CHO [Chinese hamster ovary], COS-1 [African green monkey kidney],
Rat-1 [fibroblasts], and HeLa [human cervical carcinoma] cells) or RPMI 1640
(DGT75 [EBV-negative Burkitt’s lymphoma]) supplemented with 100 TU of pen-
icillin/ml, 100 pg of streptomycin/ml, and 10% heat-inactivated fetal bovine
serum (Life Technologies). The murine epidermal cell line 308 (67) was main-
tained in mKer medium (61). CHO and COS-1 cells were transfected with
FuGENE 6 (Roche) according to the manufacturer’s instructions. BHK cells
were transfected with Lipofectamine Plus (Life Technologies). DG75 cells were
transfected by electroporation with a Gene Pulser (Bio-Rad). Briefly, 5 x 10°
log-phase cells were resuspended in 0.5 ml of growth medium with 5 pg of
plasmid DNA and were given a single pulse (270 V, 960 wF). Recombinant
Sindbis viruses were generated by transfection of BHK cells with infectious RNA
prepared from the double subgenomic dsTE12Q plasmid vector encoding the
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indicated open reading frames as previously described (30). Cells were infected
with a multiplicity of infection of 5 PFU per cell, except for coinfections that
were infected at an multiplicity of infection of 10 for each recombinant virus.

Viability assays. At the indicated times after infection, cells were trypsinized
and resuspended in phosphate-buffered saline. Immediately prior to analysis,
propidium iodide (Sigma) was added to a final concentration of 100 ng/ml. Cells
were analyzed for viability with a FACSCaliber (Becton Dickinson) flow cytom-
eter. Viability assays with B-galactosidase or trypan blue were performed as
described previously (5).

Immunofluorescence, immunoprecipitation, and immunoblot assays. For flu-
orescence microscopy, cells were seeded at a density of 2 X 10* (COS-1) or 5 X
10* (CHO) per well in a two-well chamber slide (Falcon) and transfected with
plasmids containing BALF1, BALF0, and BHRF1 as indicated. At 24 h post-
transfection, the cells were treated with 100 nM chloromethyl-X-rosamine
(CMX-Ros) for 1 h, fixed with 4% paraformaldehyde, permeabilized with a 1:1
mixture of methanol and acetone on ice for 5 min as previously described (10,
50), and incubated with monoclonal antibodies to HA (12CAS; Sigma) or FLAG
(M2; Sigma) or polyclonal antibodies to HA (Y-11; Santa Cruz Biotechnology).
After incubation with fluorescein-conjugated anti-mouse secondary antibodies or
rhodamine-conjugated anti-rabbit antibodies, protein localization was visualized
by fluorescence microscopy (Nikon E800 microscope with G-2E/C and B-2E/C
filters). All antibodies were diluted 1:100 in Ca-Tris-buffered saline. Because
there are no antibodies available for BALF1, all constructs except where indi-
cated contained N-terminal HA or N-terminal FLAG tags for direct comparison
with other BCL-2 family proteins.

Immunoprecipitations were performed with 500 ng of polyclonal HA antibody
(Y-11; Santa Cruz Biotechnology) or BAX antibody (13666E; PharMingen) as
described previously (10). Immunoblot analyses were performed with monoclo-
nal HA antibody (12CAS5; Sigma) or FLAG antibody (M2; Sigma).

RESULTS

The EBV open reading frame BALF1 is conserved in other
related viruses and likely initiates at the second in-frame me-
thionine. There are two in-frame methionine codons near the
beginning of the BALF1 reading frame in EBV, the first of
which was originally assumed to be the initiation site of trans-
lation at position 165,517 in the EBV genome (Fig. 1A and B).
However, sequence analysis of BALF1 homologues from the
closely related primate lymphocryptoviruses, pongine herpes-
virus 3 (gorilla), pan herpesvirus (pongine herpesvirus 1 of
chimpanzee), herpesvirus papio (cercopithecine herpesvirus 12
of baboon), and callitrichine herpesvirus 3 indicates that only
the second methionine codon is conserved (Fig. 1C and data
not shown). The DNA sequence between the two EBV methi-
onine codons is more divergent in the other viruses (55%
homology) than in the remainder of the BALF1 coding se-
quences (87 to 90% homology), and the EBV reading frame in
this stretch is also not preserved in the other viruses (except for
pongine herpesvirus 3). Thus, all the primate viruses appar-
ently initiate translation of BALF1 at a site analogous to the
second methionine in the EBV genome. Similarly, this internal
start codon of EBV BALF1 is likely to be the preferred initi-
ation site of translation, as it has a conserved Kozak initiation
sequence that is lacking at the first methionine codon (Fig.
1C). There is also a conserved TATA box 38 bp upstream of
the second EBV methionine codon that would produce a tran-
script of approximately 567 nucleotides plus poly(A) (Fig. 1B).
This predicted transcript size is in agreement with the reported
BALF1 mRNA size of 0.7 kb (26). In contrast, the calculated
size for a polyadenylated transcript that includes the first me-
thionine codon and initiates at the predicted upstream TATA
box is approximately 1 kb (Fig. 1B).

Without this N-terminal extension in EBV, the BALF1
amino acid sequence is also highly conserved among all of the
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FIG. 1. Human and primate herpesvirus BALF1. (A) Diagram of EBV genome region containing BALF1. Boxes that indicate the direction of
transcription represent open reading frames. BALF1 (shaded) results from an internal initiation within the BALF0 reading frame. (B) Diagram
of the EBV genome segment containing putative BALF1 transcripts (drawn in reverse of the usual orientation). Nucleotide sequences for putative
TATA boxes (bent arrows), initiation codons, stop codon (underlined), and poly(A) signal (underlined) are shown. Numbers of intervening
nucleotides (nt) are shown. Calculated transcript sizes [excluding poly(A)] are shown. (C) Alignment of the DNA sequences of BALF1 from EBV
(V01555), pan herpesvirus (GenBank accession no. AF306944), herpesvirus papio (GenBank accession no. AF306943), and pongine herpesvirus
3 (GenBank accession no. AY034056). (D) ClustalW alignment of amino acid sequences of the indicated human and viral BCL-2 family members,
including callitrichine herpesvirus 3 (GenBank accession no. AF319782). Identical (dark shading) and similar (light shading) amino acids occurring
in 6 of 11 entries are marked. Homology domains BH1 to BH4 and the transmembrane domain (TM) of cellular BCL-x; are marked with
horizontal lines. The BALF1 consensus caspase cleavage recognition site is marked by an arrowhead.
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human and primate viruses, sharing approximately 80 to 90%
identity, except with callitrichine herpesvirus 3 which is less
well conserved (Fig. 1D). Taking all of this information to-
gether, we suggest that the BALF1 protein encoded by EBV
corresponds to the smaller reading frame encoding a 182-
amino-acid polypeptide beginning at nucleotide 165,403 in the
EBYV genome. The EBV open reading frame beginning at the
first nonconserved methionine is referred to here as BALFO
(Fig. 1A and C). BALF1 proteins encoded by the human and
primate lymphocryptoviruses have homology with the BCL-2
family, especially in the BH1 and BH2 homology domains (Fig.
1D) (52) and are more homologous to a BCL-2 homologue of
equine herpesvirus 2 than to other BHRF1 proteins. Thus,
lymphocryptoviruses contain two BCL-2 homologues, BHRF1
and BALF1.

BALF1 fails to protect against Sindbis virus-induced apo-
ptosis. Many of the gammaherpesvirus BCL-2 homologues
have been shown to inhibit apoptosis induced by Sindbis virus
and a variety of other cell death stimuli (5, 13, 29, 54). Sindbis
virus induces the classic morphological features of apoptosis in
many cell types and has been used extensively to study BCL-2
family function in vitro and in vivo (12, 45, 46, 55). To deter-
mine if EBV BALF1 functions as an inhibitor of Sindbis virus-
induced apoptosis, N-terminal HA-tagged BALF1 was cloned
into the Sindbis virus vector, and recombinant virus was used
to infect Rat-1 cells. Cells infected with control Sindbis virus
underwent apoptosis detected by flow cytometry as a discrete
population of shrunken, propidium iodide-positive cells in a
two-dimensional analysis (Fig. 2A and B). In contrast to what
was observed with the control virus, HA-tagged BHRF1, the
known antiapoptotic BCL-2 homologue encoded by EBV (32),
dramatically inhibited Sindbis-induced apoptosis. However,
BALF1 failed to protect cells in this assay. The recombinant
viruses containing BALF1 also did not enhance cell death
compared to control viruses (Fig. 2A and B).

BALF1 is expressed as an early lytic cycle transcript (26).
Because EBV induces lytic replication in nasopharyngeal epi-
thelium (44) and is shed from the uterine cervix (65), epithe-
lium-derived cell lines were also tested with these recombinant
Sindbis viruses. HeLa cells, derived from a human cervical
epithelial malignancy, were protected from Sindbis virus-in-
duced apoptosis by BHRF1 but not by BALF1 in a time course
experiment (Fig. 2C). BALF1 also failed to protect the murine
epidermal 308 cell line (Fig. 2D). In culture, these 308 cells
arrange in the classic cobblestone pattern of primary epithe-
lium and express epithelial markers (67). Although BALF1
was sometimes expressed at slightly lower levels than BHRF1
when detected with HA antibody (Fig. 2B to D), this small
difference is unlikely to explain the lack of BALF1 activity (see
below). N-terminal HA tags do not appear to alter the apo-
ptosis-regulating functions of cellular or viral BCL-2 proteins
(data not shown); therefore, we relied on HA-tagged versions
because no BALF1 antibody is available.

BALF1 failed to protect cells against BAX-induced death in
lymphoid cells. EBV establishes a latent infection in resting B
lymphocytes. BALF1 has not been shown to be expressed dur-
ing the latent phase, but it remains possible that BALF1 func-
tions in a B-cell-specific manner to keep cells alive during
reactivation to the lytic phase of the herpesvirus life cycle.
Therefore, BALF1 was tested for its ability to inhibit BAX-
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FIG. 2. BALF1 does not inhibit Sindbis virus-induced apoptosis in
a variety of cell lines. (A) Rat-1 cells were infected with recombinant
Sindbis viruses expressing the indicated constructs and cells were eval-
uated for apoptosis by flow cytometry to detect cell shrinkage (forward
scatter) and membrane permeability (propidium iodide uptake). (B to
D) Infected cells were harvested at 24 h post infection for Rat-1 cells
(B), the indicated times for HeLa cells (C), and 40 h for 308 epidermal
cells (D), treated with propidium iodide, and analyzed by flow cytom-
etry as in the results shown in panel A. Means = the standard error of
the mean (SEM) are shown for three independent experiments. All
proteins had N-terminal HA tags. Corresponding immunoblot analyses
with anti-HA antibody are shown for each cell type.

induced cell death in the DG75 (EBV-negative) B-cell line.
One of the functions of the antiapoptotic cellular BCL-2 family
members is to inhibit mitochondrial damage and cell death
induced by proapoptotic members of the BCL-2 family such as
BAX and BAK. BAX overexpression causes release of cyto-
chrome ¢ from mitochondria (42) and loss of membrane po-
tential that can be inhibited by BCL-2, although the mecha-
nisms involved are still unclear (68, 78). DG75 cells were
transiently transfected with plasmids containing BAX and
BALF1 or controls, and transfected cells were identified by
cotransfection with enhanced green fluorescent protein
(EGFP). At 18 h after transfection, the number of transfected
cells that retained their mitochondrial membrane potential was
assessed with the fluorescent dye CMX-Ros. Approximately
30% of cells were killed by the transfection procedure, making
a convenient internal control for loss of CMX-Ros staining
(Fig. 3A and data not shown). Addition of BAX caused ap-
proximately 40% of the transfected GFP-positive cells to lose
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FIG. 3. BALF1 does not protect a lymphocyte cell line against
BAX-induced death. (A) DG75 cells were transiently cotransfected
with plasmids encoding the indicated proteins with N-terminal HA
tags as well as 0.5 pg of EGFP to mark transfected cells. Apoptosis was
assessed at 18 h posttransfection by measuring the loss of mitochon-
drial membrane potential (CMX-Ros fluorescence) in GFP-expressing
cells. (B) Graphic presentation of the mean = SEM for three inde-
pendent experiments as shown in panel A. Shown below is the amount
(in micrograms) of plasmid DNA transfected (with all samples receiv-
ing equal amounts of DNA balanced with empty vector) and a corre-
sponding immunoblot analysis.

mitochondrial function, compared to cells lacking overex-
pressed BAX (Fig. 3A). While BHRF1 protected cells from
loss of mitochondrial membrane potential, BALF1 had no
ability to overcome BAX activity (Fig. 3A). A graphic repre-
sentation of the flow cytometry data shows that there is no
significant difference in CMX-Ros dye retention of BAX-ex-
pressing cells in the presence or absence of BALF1 (Fig. 3B).
Immunoblot analysis of transfected cells showed equivalent
levels of BAX as well as BALF1 and BHRF1 expression in
each sample (Fig. 3B). Mitochondrial integrity in control trans-
fections containing EGFP and either BALF1 or BHRF1 was
similar to that of EGFP and the empty vector (data not
shown).

BALF1 and BALFO are resistant to caspase cleavage by
apoptotic cell extracts. Cellular BCL-2 family members, in-
cluding BCL-2, BCL-x,, and Bid, can be cleaved in vivo in the
loop region by caspases (11, 16, 47). The resulting C-terminal
fragments can induce release of cytochrome ¢ and are potently
proapoptotic (4, 41, 49). Antiapoptotic herpesvirus BCL-2 ho-
mologues have evolved to escape caspase-mediated conversion
to proapoptotic molecules by mutation of the cleavage site and
by eliminating the proapoptotic activity of their C-terminal
fragments (5). Sequence analysis of EBV BALF1 revealed a
positionally conserved consensus caspase-3 cleavage site,
DEXD, that is also conserved in the pan and papio viruses but
not in pongine and callitrichine viruses (Fig. 1D). To explore
whether EBV BALF1 protein can be cleaved by caspases dur-
ing apoptosis, in vitro-translated, **S-labeled proteins were
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FIG. 4. BALFO-BALF1 protein is resistant to cleavage with apo-
ptotic cell extracts. (A) In vitro-translated, 3°S-labeled proteins (with-
out HA tags) were digested with apoptotic 293 cell extracts plus dATP
to activate the extract as previously described (5, 24). Proteins were
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and autoradiography. (B and C) Deletion of the N terminus of BALF1
(ANS50) does not induce proapoptotic activity. Apoptosis was deter-
mined by flow cytometry (forward scatter and propidium iodide stain-
ing as described for Fig. 2 at 24 h postinfection of CHO cells (B) and
mouse epidermal 308 cells (C) with recombinant Sindbis viruses en-
coding the indicated proteins or a control virus containing KSBcl-2 in
the reverse orientation. Means = SEM are shown for three indepen-
dent experiments. All proteins contain an N-terminal HA tag. Corre-
sponding immunoblot analyses with anti-HA antibody are shown for
each cell type.

treated with activated apoptotic extracts prepared from 293
cells. These extracts contain a number of activated caspases,
including an abundance of caspase-3, and induce many of the
biochemical features of apoptosis (41). As expected, BCL-x,_
was cleaved into its signature fragments of 16 and 14 kDa (Fig.
4A). Pretreatment of the extracts with the pan-caspase inhib-
itor zZVAD-fmk abolished cleavage, demonstrating that the
processing is caspase dependent. BHRF1 was resistant to
cleavage by the activated extracts as previously reported (5).
Interestingly, when the BALFO open reading frame was trans-
lated in vitro, BALF1 was the more abundant product. Similar
to BHRF1, both BALFO and BALF1 were refractory to
caspases and other proteases present in the extracts (Fig. 4A).
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Identical results were obtained when BALFO and BALF1 were
incubated without 293 extract or with boiled 293 extract or
when a construct expressing only BALF1 was tested (data not
shown). Resistance to cleavage in 293 cell extracts does not
rule out the possibility that BALF1 is cleaved in an EBV-
infected cell in vivo. To pursue the possibility that EBV
BALF1 has the potential to be converted into a proapoptotic
factor by proteolysis, a truncation mutant AN50 BALF1 that
lacks the N-terminal amino acids 2 to 50 and corresponds
approximately to the predicted cleavage fragment was cloned
into the Sindbis virus vector and tested for the ability to accel-
erate Sindbis virus-induced apoptosis. While recombinant vi-
rus expressing BAX accelerated the death of Sindbis virus-
infected CHO (Fig. 4B) and 308 epidermal (Fig. 4C) cell lines,
ANS50 BALF1 lacked detectable cell killing activity relative to
the control. Immunoblot analysis confirmed expression of
ANS50 BALF1 (Fig. 4B and C). The potency of BAX-induced
cell death presumably makes detection of BAX protein diffi-
cult. Thus, BALF1 lacks latent prodeath activity that is acti-
vated by proteolysis or other mechanisms.

BALF1 and BALFO0 antagonize the antiapoptotic activity of
BHRF1. Cellular antiapoptotic BCL-2 family members can
antagonize the activity of proapoptotic BCL-2 family members
and vice versa, though the mechanisms involved are still de-
bated. Because BHRF1 and BALF1 are apparently both ex-
pressed in the early lytic phase of the virus replication cycle, it
is possible that one regulates the function of the other. To
determine if BALF1 can suppress the antiapoptotic activity of
BHRF1, BALF1 was tested for the ability to restore BAX-
induced cell death that is otherwise suppressed by BHRFI.
BHRF1 suppressed BAX-induced cell death in cotransfected
CHO cells (Fig. SA, compare lanes 2 and 6), while BALF1 did
not enhance or suppress the cell-killing function of BAX (com-
pare lane 2 with lanes 4 and 5) as shown above for DG75 cells.
However, both BALF1 and BALFO repressed the protection
provided by BHRF1 (Fig. SA, compare lane 6 with lanes 7 and
8). For this experiment, we used a mutant of BALFO in which
the BALF1 start methionine at amino acid 39 was replaced by
a glycine to avoid internal initiation and to force constitutive
expression of BALFO. To test whether the effect of BALF1 was
specific to EBV, a similar experiment was performed with
KSBcl-2, the BCL-2 homologue from Kaposi’s sarcoma-asso-
ciated herpesvirus. Like EBV BHRF1, the antiapoptotic func-
tion of KSBcl-2 was also suppressed by BALF1 (Fig. 5A, com-
pare lanes 9 and 10). However, a cellular inhibitor of apoptosis,
BCL-x;, was not inhibited by EBV BALF1 (Fig. 5A, compare
lanes 11 and 12). Viral BCL-2 proteins provided protection
that was almost equivalent to that of the baculovirus caspase
inhibitor P35 (compare lanes 2 and 3). BALFO and BALF1
were also tested for the ability to inhibit BHRF1 and KSBcl-2
in transfected BHK cells. For this experiment, we tested an
unaltered BALFO reading frame that apparently expresses
both BALFO and BALF1 (see Fig. 4), although only BALFO is
detected by the anti-HA antibody. Like the results described
for CHO cells, BALFO and BALF1 had no effect on BAX-
induced cell death and no effect on the function of BCL-x; but
suppressed the ability of BHRF1 and KSBcl-2 to inhibit BAX-
induced cell death (Fig. 5B). Immunoblot analysis verified the
expected protein expression levels from the transfected con-
structs.

J. VIROL.

This study was extended to include a death stimulus other
than BAX. The mouse 308 epidermal cell line was dually
infected with recombinant Sindbis viruses expressing BALF1
and BHRF1. Similar to the results with BAX transfection,
BALF1 suppressed the protective activity of BHRF1 against
Sindbis virus-induced cell death (Fig. 5C). Because Sindbis
virus has a superinfection exclusion mechanism (39), care was
taken to maximize the number of cells that became dually
infected in the first round of infection. To ensure that the
observed loss of BHRF1 activity was not due to failure of the
two viruses to infect the same cells (in contrast to 50% infec-
tion efficiency with each virus), cells were also coinfected with
a control virus expressing GFP. GFP failed to suppress the
activity of BHRF1, which argued that superinfection exclusion
was not an explanation for the observed effects (Fig. 5C). In
addition, EGFP fluorescence was detected by flow cytometry,
and no differences were observed in the number of fluorescent
cells when EGFP virus alone was compared to the combination
of EGFP plus BALF1 or EGFP plus BHRF1 viruses (data not
shown).

BALF1 but not BALF0 binds to BHRF1 in vitro. Het-
erodimerization between proapoptotic and antiapoptotic
members of the BCL-2 family has been suggested as a mech-
anism for titrating their activities (64). However, we and others
have challenged this view, suggesting that mechanisms other
than direct interaction may contribute to their counteractive
functions (12, 36). More recently it has been suggested that the
BH3-only members of the BCL-2 family form transient inter-
actions with proapoptotic family members to induce their
death-provoking activity, although stable heterodimers may
not be formed (14, 57, 74, 81). However, BCL-x; and pro-
apoptotic BAD appear to be bone fide intracellular partners,
suggesting that dimerization is limited to specific pairs (19).
Nevertheless, dimerization of BALF1 and BHRF1 with con-
comitant inactivation of BHRF1 offers a simple mechanism to
explain BALF1 antagonism of BHRF1 antideath activity. To
test this theory, coimmunoprecipitation experiments were
performed with transfected COS-1 cells. Precipitation of
HA-BAX with anti-HA antibody also coprecipitated FLAG-
BCL-x; as expected under these conditions. Coprecipitated
FLAG-BCL-xL was detected by immunoblot analysis of the
precipitated complexes with anti-FLAG antibody (Fig. 6A, top.
In a similar manner, HA-BALF1 and HA-BHRF1 both copre-
cipitated FLAG-BALF1, but not the FLAG-tagged cellular
factors BCL-2, BCL-x; , or BAX. Similarly, BALF1 also copre-
cipitated with HA-KSBcl-2 (data not shown). This finding is
consistent with the model that BALF1 directly binds and in-
activates BHRF1 and KSBcl-2. Control immunoblot analyses
of the transfected cell lysates with anti-HA and anti-FLAG
antibodies verified the expected pattern of protein expression
(Fig. 6A). BALFO was also tested for the ability to coprecipi-
tate other BCL-2 family members. Surprisingly, BALFO failed
to bind BHRF1 and KSBcl-2 as well as the cellular factors, but
formed only homodimers (Fig. 6B). This finding suggests that
direct binding is not required for BALF0O (and possibly
BALF1) to interfere with BHRF1 function. BALFO was pre-
viously reported to interact with BAX (52). Although BAX
coprecipitated with BCL-x; and the BCL-2 homologue en-
coded by murine gammaherpesvirus 68, BALF( failed to co-
precipitate BAX (Fig. 6C), and in the inverse experiment BAX
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FIG. 6. BALF1 binds to itself and BHRF1 in vitro. (A) COS-1 cells
were transfected with plasmids expressing the indicated HA-tagged
BCL-2 family members plus either FLAG-BALF1 or FLAG-BCL-x;
as a positive control. Anti-HA immunoprecipitates and total cell ly-
sates were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and immunoblotted with the antibodies indicated on
the right of each panel. A representative immunoprecipitation is
shown (n = 3). (B, C, and D) Coimmunoprecipitation experiments
were performed with lysates of COS-1 cells transfected with the indi-
cated plasmids, as described for panel A.

antibody failed to coprecipitate BALF0 (Fig. 6D). BAX also
failed to coprecipitate BALF1 (data not shown).

BALF1 and BALF0 have limited colocalization with BHRF1
in cells. Hsu and Youle (36) reported that coimmunoprecipi-
tation of BAX with other BCL-2 family members is induced by
the presence of detergents used in cell lysate preparation and
is not an indication of in vivo dimerization events. Therefore,
to pursue the possibility that BHRF1 and BALF1 directly
interact, they were examined for their ability to colocalize by
indirect immunofluorescence microscopy performed with
transfected cell lines where antagonistic activity of BALF1 was
also observed. Surprisingly, BALF1 and BHRF1 consistently
exhibited completely distinct subcellular localizations when
transfected separately into CHO cells (Fig. 7A) or COS-1 cells
(data not shown). BALF1 was localized diffusely throughout

at least three independent experiments. (B) BHK cells were trans-
fected with the indicated plasmids and cell viability was determined as
described for panel A. A representative immunoblot is shown. (C) Vi-
ability of 308 epidermal cells was determined 40 h after coinfection
with recombinant Sindbis viruses expressing the indicated proteins
(with N-terminal HA tags) as described in the legend to Fig. 2.
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FIG. 7. BALF1 does not colocalize with BHRF1 in cells. (A) Flu-
orescence microscopy of CHO cells transfected with N-terminal HA-
tagged BALF1 (top), HA-tagged BALFO (middle), or N-terminal
FLAG-tagged BHRF1 (bottom). At 24 h posttransfection, cells were
treated with CMX-Ros for 1 h (red, center panels) and stained with
monoclonal anti-HA or FLAG antibodies (fluorescein isothiocyanate
secondary antibody, left panels). The images were merged using SPOT
software (yellow, right panels), but the merge failed to detect colocal-
ized proteins. (B) CHO cells were cotransfected with plasmids con-
taining FLAG-tagged BHRF1 (green, fluorescein isothiocyanate) plus
either HA-tagged BALF1 (red, top row) or HA-tagged BALFO
(M39G) (red, bottom row). The two images were merged to reveal any
colocalization (yellow, third column). (C) The experiment described in
panel B was also performed with COS-1 cells.

Merge

the cytoplasm and apparently excluded from mitochondria that
were costained with CMX-Ros (Mitotracker), while BHRF1
displayed a pattern that was identical to the CMX-Ros staining
of mitochondria as previously reported (31, 34). Similar results

J. VIROL.

were obtained with BALFO (Fig. 7A). Thus, BHRF1 has a
mitochondrial distribution pattern similar to BCL-2, while
BALF1 was cytosolic, similar to BAX prior to the induction of
cell death (76). However, BALF1 did not relocalize in cells
following a death stimulus (data not shown). We also noted
that a large proportion of cells overexpressing BHRF1 display
an unusual mitochondrial morphology in which the mitochon-
dria are compressed into a small perinuclear knot in addition
to the traditional filigreed mitochondria. Similar perinuclear
spots were induced by KSBcl-2 and BCL-x, (data not shown).
Examples of both morphologies are shown in the two BHRF1
transfected cells shown in Fig. 7A. This morphology was never
seen in untransfected or BALF1-transfected cells. To deter-
mine if BHRF1 or BALF1 and BALFO relocalize when ex-
pressed in the same cell, CHO cells were cotransfected with
HA-tagged BALF1 and FLAG-tagged BHRF1. Again, BALF1
displayed diffuse cytoplasmic localization even in the presence
of BHRF1, which also maintained its mitochondrial localiza-
tion (Fig. 7B, top row, and data not shown). Similar results
were obtained with BALFO (Fig. 7B, bottom row). Because of
the diffuse staining of BALFO and BALF1, the merged images
contained some overlapping signal. However, those regions of
the cell that stained most intensively with BALF0O and BALF1
were devoid of BHRF1 (Fig. 7B, right columns). This experi-
ment was repeated with COS-1 cells where BALF(O and
BALF1 have a less-diffuse localization. In these merged im-
ages, the BALFO-BALF1 and BHRF1 patterns were clearly
distinct (Fig. 7C). BALFO and BALF1 also did not colocalize
with a mitochondrial marker in COS-1 cells as expected (data
not shown). Colocalization was also not observed in cells in-
duced by die by staurosporine treatment (data not shown).
Thus, taking together the immunofluorescence and coimmu-
noprecipitation experiments. It appears that BHRF1 and
BALF1 only form dimers after the cells were broken open,
implying that BALF1 inhibits BHRF1 via indirect mechanisms.

DISCUSSION

Cellular BCL-2 family members can counteract each other’s
functions, at least in part due to indirect mechanisms. We now
show that BHRF1 is regulated by another BCL-2-related pro-
tein, BALF1, also encoded on the EBV genome. Unlike the
negative regulatory proteins of the cell, this viral negative reg-
ulator lacks overt or latent proapoptotic function while retain-
ing the ability to suppress the antiapoptotic activity of BHRF1.
Thus, BALF1 may suppress the antiapoptotic function of
BHREF1 in virus-infected cells, perhaps at a later point during
infection when the virus no longer requires a viable cell or even
benefits from the apoptotic cascade.

How does BALF1 suppress the function of BHRF1? If
BALF1 indeed inhibits BHRF1 through an indirect interaction
as suggested by the data presented here, it is possible that both
BALF1 and BHRF]1 target the same downstream cellular ma-
chinery and thereby compete with each other to determine cell
fate. Consistent with this idea, we have found that both BALF1
and BHRF]1 bind to the cellular apoptosis regulator Aven (10)
(unpublished data). Other regulatory mechanisms also play
key roles in determining BCL-2 family function, including
phosphorylation, myristylation, and subcellular localizations
(19, 56, 80). We cannot rule out the possibility that a transient
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interaction between BALF1 and BHRF1 alters protein con-
formation and/or posttranslational modification to inhibit the
protective function of BHRF1. We also cannot rule out the
possibility that only a minor fraction of BHRF1 is properly
localized or otherwise poised to carry out all of the observed
antiapoptotic functions and that this small proportion of the
protein is inhibited by direct binding of BALF1. Nevertheless,
we favor an indirect mechanism.

The dimerization function of the BCL-2 family is usually
attributed to the insertion of an a-helix containing the BH3
domain into a hydrophobic cleft on one side of its partner
BCL-2-related protein (63). This BH3 domain of the viral
proteins is quite degenerate and lacks the core signature motif
(see Fig. 1). Thus, other domains of viral BCL-2 may be in-
volved in binding its partners. Consistent with this ideas, Li et
al. (48) recently reported that BHRF1 binds to and is inhibited
by the cellular protein PRA1, although the effect of BHRF1 on
PRAL is not known. This interaction requires the BH4 and
BH1 domains of BHRF1, and any role for BH3 is not clear.
The cleft in cellular BCL-2 molecules apparently can also be
occupied by their own C-terminal hydrophobic tail that, when
extracted from the cleft, serves to anchor the protein to intra-
cellular membranes (69). Concealment of the hydrophobic tail
of BALF1 in its cleft could contribute to our observation that
BALF1 is cytosolic. Apparently this is the case for BAX, which
is cytosolic in healthy cells, or in cells where BAX functions as
an antiapoptotic factor but relocalizes to mitochondria to fa-
cilitate cell death by exposing its hydrophobic tail (35, 76).
However, we failed to detect a relocalization of BALF1 during
cell death.

In contrast to a previous report (52), EBV BALF1 and
BALFO lacked antiapoptotic function. We found that both
BAX- and Sindbis virus-induced apoptosis was inhibited by
cellular and viral BCL-2 homologues, except BALF1 (5, 12,
54). Even using the same assay previously reported to show
antiapoptotic function of BALFO0-BALF1, which used campto-
thecin-treated HeLa cells (52), we were unable to detect pro-
tective function (data not shown), although we did not test the
GFP-BALFO fusion used previously. The outcome was un-
changed regardless of the strategy employed to assess cell
death. BHRF1 but not BALF1 blocked trypan blue uptake,
membrane blebbing, cell shrinkage, propidium iodide staining,
nuclear chromatin condensation, and mitochondrial mem-
brane depolarization measured with CMX-Ros (see above and
data not shown). While it is possible that BALF1 exerts its
protective effect downstream of BAX-induced mitochondrial
depolarization, parallel experiments measuring exposure of
phosphatidyl serine on the plasma membrane, a late step in the
apoptotic cascade that occurs after caspase activation, gave
similar results and failed to detect protection by BALF1 (data
not shown). Taken together, these results suggest that while
BALF1 acts to negatively regulate viral antiapoptotic BCL-2
proteins, it has no profound intrinsic death modulatory func-
tion on its own. Nevertheless, the study of BALF1 in other
model systems may yet reveal new functions, including anti- or
proapoptotic activity.

In contrast to our findings with CHO and BHK cells, where
BALF1 suppressed the protective function of BHRF1, we were
unable to demonstrate BALFIl-mediated attenuation of
BHRF1 in DG75 cells (data not shown). This could indicate
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that the suppressive effect of BALF1 is cell type dependent.
Conversely, it may reflect limitations of the DG75 system.
DGT75 cells have at least one genetic lesion related to the
BCL-2 family, as they are known to lack detectable BAX pro-
tein due to a frameshift mutation (8). In addition, these cells
are exceptionally refractory to cell death induced by a variety
of stimuli and therefore may also be resistant to the effects of
BALF]1. This finding in DG75 cells is consistent with the model
that BALF1 does not interfere directly with BHRF1 but may
also have a cellular target. It is intriguing to speculate that after
eliminating some of the negative regulatory functions of cellu-
lar BCL-2 in the BHRF1 protein, EBV developed an auxiliary
regulatory protein, BALF1, to modulate the death response by
the virus.

It had been difficult to reconcile the reported 0.7-kb EBV
BALF1 polyadenylated mRNA size (26) with the predicted
mRNA size of BALFO (previously referred to as BALF1). The
sequences for BALF1 from several primate lymphocryptovi-
ruses have shed light on this discrepancy. BALF1 from all
sequenced viruses appears to initiate at a conserved methio-
nine within BALFO, suggesting that EBV BALF1 protein also
initiates at this “internal methionine.” Though BHRF1 and
BALF1 are reported to be expressed during the early lytic virus
replication cycle, several laboratories have identified spliced
BHREF1 transcripts apparently derived from a latent cycle pro-
moter (2, 6, 59). Like BHRF1, BALF1 is positioned down-
stream of another latency promoter, and others have suggested
that BALF1 is also expressed during latency (52). This raises
the possibility that BHRF1 and BALF1 also modulate apopto-
sis during latency by playing additional roles in viral pathogen-
esis.
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