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The sequenced gammaherpesviruses each contain a single viral bcl-2 homolog (v-bcl-2) which may encode a
protein that functions in preventing the apoptotic death of virus-infected cells. Epstein-Barr virus (EBV), a
gammaherpesvirus associated with several lymphoid and epithelial malignancies, encodes the v-Bcl-2 homolog
BHRF1. In this report the previously uncharacterized BALF1 open reading frame in EBV is identified as
having significant sequence similarity to other v-bcl-2 homologs and cellular bcl-2. Transfection of cells with a
BALF1 cDNA conferred apoptosis resistance. Furthermore, a recombinant green fluorescent protein-BALF1
fusion protein suppressed apoptosis and associated with Bax and Bak. These results indicate that EBV encodes

a second functional v-bcl-2.

Apoptosis is important in the elimination of malignant or
virally infected cells through a genetic program of character-
istic enzymatic and morphologic events (10, 12, 23, 40). Bcl-2
family members control tissue homeostasis and development
via the programmed cell death process that is also known as
apoptosis (reviewed in reference 40). The proto-oncogene
bcl-2, which prevents apoptosis, was first identified by virtue of
its overexpression in follicular lymphoma (41). bcl-2 knockout
mice are lymphopenic, and their lymphoid cells undergo apo-
ptosis at a much higher rate than in normal mice (18, 28, 42).
Bax is a proapoptotic Bcl-2 family member that heterodimer-
izes with Bcl-2. Lymphoid hyperproliferation occurs in bax
knockout mice (19). Thus, Bcl-2 family members are central to
lymphoid homeostasis.

Gammaherpesviruses produce Bcl-2 protein homologs (v-
Bcl-2s) (9, 13, 29, 33) that are hypothesized to contribute to
immune evasion and to promote tumorigenesis by preventing
apoptosis in response to either virus infection or cytotoxic
immune effectors (reviewed by reference 40). Epstein-Barr
virus (EBV) possesses a homolog of the Bcl-2 family, BHRF1,
which suppresses apoptosis (13). BHRF1 is expressed primar-
ily during lytic infection (11), is dispensable for lymphocyte
transformation (24, 26), and is not expressed in posttransplan-
tation lymphomas (27). These findings suggest that BHRF1
functions primarily to increase the life span of cells undergoing
viral replication. Although it is not expressed in all EBV-
associated malignancies (6, 27, 35), latent membrane protein 1
(LMP-1) of EBV has been shown to be required for EBV-
induced lymphocyte transformation (4), and LMP-1 induces
cellular Bcl-2 (14). In this report, we characterize a novel
antiapoptotic v-Bcl-2 encoded by the EBV genome.

The BALF1 OREF predicts a novel v-Bcl-2. A search for viral
Bcl-2 homologs was conducted in sequenced viruses. Using
FASTA (32) and the amino acid sequence of Bcl-xl as a search
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sequence, we determined that the E4 open reading frame
(ORF) in equine herpesvirus 2 (38) encodes a protein with
20% identity to Bcl-xl and contains two Bcl-2 homology (BH)
domains, BH1 and BH2, believed to be essential for the dimer-
ization, heterodimerization, and function of the antiapoptotic
protein Bcl-2 (43). A BLAST search to identify additional
structural homologs (1) revealed a similar ORF in EBV. This
reading frame, the BALF1 OREF, is 0.7 kb in size and predicts
a 220-amino-acid protein in a region of early EBV transcripts
(2).

Analysis of BALF1 reveals several structural features that
define it as a Bcl-2 family member. These features include
sequence homology in the functionally important BH domains
BHI1 to BH4 (reviewed in reference 21). Interestingly, there is
closer similarity between BALF1, Bcl-xl, and Bcl-2 than be-
tween the known EBV-encoded Bcl-2 homolog BHRF1 (13),
Bcl-xl, and Bcl-2 (Fig. 1). A MAST (3) analysis based on motifs
generated by both the Bcl-2 family members shown and the
Caenorhabditis elegans Bcl-2 homolog, CED-9, demonstrated a
1-in-10 billion probability that the similarity between BALF1
and other Bcl-2s is due to chance.

The predicted amino acid sequence of BALF1 reveals three
unique features for a v-Bcl-2. First, in BALF1 the BH1 domain
glycine (position 149 in the alignment in Fig. 1) is replaced by
serine, whereas in virtually all Bcl-2 family members there is a
critical BH1 domain glycine (43). Mutation of the BH1 domain
glycine in Bcl-2 or CED-9 to alanine abolishes antiapoptotic
function (43). Second, whereas all other characterized gamma-
herpesvirus v-Bcl-2s possess hydrophobic C termini capable of
insertion in organellar membranes, BALF1 lacks a hydropho-
bic C terminus, as do E1B and A179L, (5, 9, 13, 21, 22, 26, 29,
33). Finally, in contrast to the divergence in the BH4 domains
of other v-Bcl-2s compared with human Bcl-2 (9), BALF1’s
similarity to human Bcl-2 and Bcl-xl is conserved (Fig. 1).
Thus, there are several structural features unique to BALF1,
which is itself distinct among v-Bcl-2s (5, 9, 13, 21, 22, 26, 29,
33) in that BALF1 occurs in a virus that contains another Bcl-2
homolog.
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FIG. 1. Similarity of the EBV transcripts BALF1 and BHRF1 to Kaposi’s sarcoma-associated herpesvirus ORF16 (KSHVorf16) and the cellular genes bcl-x and
bcl-2. Sequences were aligned via the PIMA multiple sequence alignment program, using the sequential branching clustering method (36). Areas of identity are shown

in black; conserved regions are shown in gray (BOXSHADE, Isrec, Switzerland).

BALF1 suppresses apoptosis. To analyze whether BALF1
was a functional v-Bcl-2, vectors encoding green fluorescent
protein (GFP) fusion proteins were transfected into HelLa
cells. Briefly, pPEGFP-BALF1 was constructed by PCR ampli-
fication of BALF1 DNA (from the BamHI A fragment of the
B95-8 EBV genome) with the 5'-HindIII- and 3'-Sacll-encod-
ing primers 5-CCCAAGCTTGGGATGAACCTGGCCAT
TGCT-3' and 5'-TCCTCCCCGCGGCAAAGATTTCAG-3/,
containing sequences from the 5" and 3’ portions, respectively,
of the BALF1 gene. pEGFP-bcl-xl was constructed by PCR
amplification of pSFFV-bcl-xl DNA (4) with primers contain-
ing a 5'-Sacl site (5'-GCAGCAGCAGAGCTCATGTCTC
AGAGCAACCGG-3") or a 3'-PstI site (5'-TGCTGCTGCCT
GCAGTTTCCGACTGAAGAGTGA-3") which also comple-
mented the 5" or 3’ bel-xl cDNA of pSFFVbcl-xl. We ligated
the digested PCR products into the appropriate sites in the
pEGFP-NI1 vectors, generating pPEGFP-BALF1 and pEGFP-
bel-xl. This was followed by confirmatory sequencing of the two
new plasmid inserts.

The resultant vectors pEGFP-N1, pEGFP-BALF1, and
pEGFP-bcl-xl, encoding GFP, GFP-BALF1, and GFP-Bcl-xl,
respectively, were transfected into HeLa cells by using a Bio-
Rad GenePulser, set at 960 wF and 0.34 kV. Hel.a transfec-
tants were single-cell cloned in standard media (25), and clones
possessing green fluorescence were expanded in G418 (400
pg/ml). Flow cytometric analysis was performed to indicate
that the subclones had equivalent levels of fluorescence.

Apoptosis was induced in susceptible clones with the sensi-
tizing agent gamma interferon (IFN-y) and anti-Fas antibody,
using modifications of published methods (25). Briefly, 100,000
cells/ml were incubated in triplicate overnight at 37°C in me-
dium containing either IFN-y (Endogen, Woburn, Mass.) at 20
ng/ml or IFN-y plus anti-Fas antibody CH11 (400 ng/ml; MBL
International, Nagoya, Japan). Control cells were treated with

IFN-y alone. Transfectants were evaluated for apoptosis by
flow cytometric analysis of apoptotic subdiploid nuclei (30).
After treatment with IFN-y plus anti-Fas, the survival of Bcl-xl
and BALF1 transfectants was increased (Fig. 2A) compared
with that of GFP transfectants. This experiment demonstrates
that BALF1 suppresses apoptosis when stably expressed in
anti-Fas-treated HeLa cells. Similar results were obtained with
IFN-y plus anti-Fas when CMXRosamine staining (7) was
used to visualize apoptosis (Fig. 2C shows an example of this
method) and when tumor necrosis factor alpha plus cyclohex-
imide was used to induce apoptosis (data not shown).

In a second series of experiments (Fig. 2B), GFP, GFP-Bcl-
xl, and GFP-BALF1 clones were treated with the topoisomer-
ase inhibitor camptothecin at a final concentration of 2.5 puM
in 2.5% dimethyl sulfoxide (DMSO). Controls were treated
with 2.5% DMSO alone. As previously demonstrated, camp-
tothecin induced significant levels of apoptotic cell death (16),
as evidenced by quantitation of subdiploid nuclei (30) in the
GFP clones but not in the GFP-Bcl-xl and GFP-BALF1 clones
(Fig. 2B). These data (Fig. 2A and B) demonstrate that BALF1
is an antiapoptotic protein, using two independent methods of
inducing apoptotic cell death.

To test BALF1’s function independently of the fusion pro-
tein moiety, HeLa cells were transiently cotransfected both
with a plasmid encoding BALF1 cDNA, pcDNA3.1BALF1, as
well as with a separate plasmid encoding GFP, pEGFNI1 (at
a pEGFN1:BALF1 ratio of 1:2, to be certain that only cells
transfected with BALF1 were analyzed). Forty-eight hours
later, transfectants were treated with camptothecin to induce
apoptosis as described above. The transfectants were analyzed
by staining with CMXRosamine to measure loss of mitochon-
drial integrity (7). Loss of CMXRosamine staining (FL2 in Fig.
2E and F) indicates a loss of mitochondrial integrity that is an
early apoptotic event (7). Following treatment with campto-
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FIG. 2. Inhibition of apoptosis by Bcl-xl and BALF1 in stable transfectants. (A) HeLa cells were transfected with vectors encoding GFP, GFP-BALF1 and
GFP-Bcl-xl. GFP-positive transfectants were selected and then treated with IFN-y and anti-Fas antibody or with control IFN-vy alone, using modifications of published
methods (25). Transfectants were evaluated for apoptosis by flow cytometric analysis of apoptotic subdiploid nuclei (30). (B) GFP, GFP-Bcl-xl, and GFP-BALF1 clones
were treated with 2.5 uM camptothecin in 2.5% DMSO. Controls were treated with 2.5% DMSO alone. The day after each series of treatments, cells were evaluated
for apoptosis by flow cytometric analysis as described above. (C to F) HeLa cells were transiently cotransfected with pEGFPN1 (C and D) or with a plasmid encoding
BALF1 cDNA, pcDNA3.1BALF1, and pEGFPNI1 (at a pEGFPN1:BALF1 ratio of 1:2) (E and F). Following treatment with camptothecin (D and F) or DMSO (C
and E) at the concentration used for panel B, the effect of BALF1 on apoptosis (E and F) was assessed by loss of fluorescence of CMXRosamine (FL2) in the
GFP-cotransfected cells (FL1). Percentages indicate the percentage of cells gated in each quadrant.

thecin or DMSO as described in the legend to Fig. 2, the effect
of BALF1 cotransfection on apoptosis was assessed by fluo-
rescence of CMXRosamine in the GFP-cotransfected cells.
Note that more than 50% of cells are in the lower left quadrant
of each graph in Fig. 2D and F. These untransfected (GFP-
negative) groups demonstrate a significant loss of mitochon-
drial integrity (a predecessor of apoptosis) following campto-
thecin treatment. A smaller percentage of EGFPN1:BALF1
cotransfectants (1.5%) than of the EGFPNI control transfec-
tants (4.3%) is apoptotic (Fig. 2F versus 2D). These results
demonstrate that BALF1 functions independently of the GFP

fusion moiety to prevent apoptosis and that BALF1 is an an-
tiapoptotic protein, using two independent methods of detect-
ing apoptotic cell death.

BALF1 and Bcl-xl coimmunoprecipitate with Bak and Bax.
In most cases the antiapoptotic function of Bcl-2 family mem-
bers is achieved through their heterodimerization with a pro-
apoptotic Bcl-2 homolog such as Bak, Bax, Bik, or Bad (re-
viewed in reference 21). To determine whether BALFI
associates with Bak and Bax in HeLa cells, we performed
coimmunoprecipitation with anti-Bax and anti-Bak antibodies
(Fig. 3). Briefly, 107 cells per sample were washed in phos-
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FIG. 3. BALF1 associates with Bak and Bax. HeLa cell transfected with
GFP, GFP-BALF1, or GFP-Bcl-xl were lysed, immunoprecipitated with anti-
Bax and anti-Bak, analyzed on a 4 to 20% non-GFP-denaturing SDS-polyacryl-
amide gel, and scanned on a FluorIlmager. A 33-kDa band (indicated by the
arrow) in the GFP-BALF1 and GFP-Bcl-xl lanes and a 20-kDa band in the GFP
lane were recognized, in accord with other studies (31). GFP-BALF1 or GFP-
Bcl-xl was present in the eluate from the immunoprecipitation on an SDS-12%
polyacrylamide gel when anti-Bak (lanes 2 and 3) or anti-Bax was used (lanes 9
and 10), while GFP was not (lanes 1 and 8). MW mkrs, molecular weight
markers.

phate-buffered saline and lysed on ice for 1 h in 100 wl of a lysis
buffer composed of 0.5% Triton X-100, 142 mM NaCl, 10 mM
HEPES (pH 7.6), 5 mM MgCl,, and 1X Complete protease
inhibitor cocktail (Boehringer Mannheim). Following centrif-
ugation for 20 min at 14,000 rpm in an Eppendorf 5415C
centrifuge at 4°C, lysates were precleared with 100 wl of 10%
(wt/vol) protein A-Sepharose beads (Pharmacia) for 30 min at
4°C. Lysates were normalized for green fluorescence on a
STORM FluorImager (Molecular Dynamics). Immunoprecipi-
tation of GFP fusion proteins complexed to proapoptotic pro-
teins was performed with anti-Bax (Santa Cruz Biotechnology)
and anti-Bak (Pharmingen) polyclonal antibodies immobilized
on protein A-Sepharose beads for 2 h at 4°C. Samples were
washed three times and eluted from beads by incubation in 1%
sodium dodecyl sulfate (SDS) 0.1 M Tris (pH 10.5) for 15 min
at 37°C. Then the entire eluate was run on a 10% non-GFP-
denaturing SDS-polyacrylamide gel, using a modification of
previously described techniques (31). The gel was directly vi-
sualized (Fig. 3) on a STORM Fluorlmager with the photo-
multiplier tube set at 700 V in the blue fluorescence mode to
determine if GFP was present.

GFP migrates at 20 kDa in this non-GFP-denaturing gel, in
accord with other studies (31). The predicted molecular size
for GFP is 13 kDa higher than the observed molecular size due
to the ability of GFP to resist denaturation and the resultant
alteration in gel mobility (31). GFP (Fig. 3, lane 4) migrated
faster than lysates from GFP-BALF1 or GFP-Bcl-xl (lanes 5
and 6). These data demonstrate that GFP migrates at the
appropriate size and is seen in the lysate lane but not in the
coimmunoprecipitate lanes. GFP-BALF1 or GFP-Bcl-xl was
present in the eluate from the immunoprecipitation on an
SDS-12% polyacrylamide gel when anti-Bax or anti-Bak was
used (lanes 2, 3, 9, and 10), while GFP was not (lanes 1 and 8).
This result indicates that coimmunoprecipitation by anti-Bak
and anti-Bax is specific for GFP-BALF1 and GFP-Bcl-xl.
Therefore, BALF1 associates with the proapoptotic proteins
Bax and Bak, providing a mechanism for the antiapoptotic
effect of BALFI.

BALFT1’s structure and its location on a viral genome con-
taining another v-Bcl-2 contrasts significantly with other
v-Bcl-2s in four ways. First, BALF1 possesses a polymorphism
(S149) at a position in its BH1 domain that contains a highly
conserved glycine residue in other Bcl-2 family members (43).
Mutations of this glycine dramatically alter interactions be-
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tween Bcl-2 family members and CED-4 (37), which is a ho-
molog of the Apaf-1 human activator of caspases (44). The C.
elegans Bcl-2 homolog, CED-9, gains antiapoptotic function,
resulting in an accumulation of anterior pharyngeal cells when
its BH1 domain glycine is mutated to an aspartate (15). Sec-
ond, amino acid sequence analysis indicates (Fig. 1) that
BALF1, like Bcl-2 and Bel-xl, may possess a BH4 domain. This
domain is hypothesized to be important for the functions of
many Bcl-2 family members (34), including part of their anti-
apoptotic activity. The lack of conservation of the BH4 domain
in BHRF1 (and indeed in the v-Bcl-2s of other viruses [9])
suggests that BALF1 may have a function distinct from that of
BHRF1. As is true for other v-Bcl-2s, the putative BH4 domain
of BALF1 lacks a DXXD motif suggested to be important in
the regulation of Bcl-2 (8) by caspases. Third, the sequenced
gammaherpesviruses contain a single ORF which encodes
Bcl-2 family members. Why is EBV apparently unique in hav-
ing two bcl-2-homologous ORFs? Since no v-FLICE-inhibitory
proteins are found in the EBV genome, perhaps BALF1 com-
pensates for the missing antiapoptotic effect of these proteins,
which are expressed in other gammaherpesviruses (39). Fi-
nally, BALF1 is present on the EBV genome with another
v-bcl-2 gene, BHRF1, which is expressed in cells during lytic
infection. On the basis of the known expression of BHRF1, we
hypothesize that the v-Bcl-2s BALF1 and BHRF1 may some-
times act at different stages in the viral life cycle.

Suppression of apoptosis appears necessary for the comple-
tion of several viral life cycles. Deletion of baculovirus p35
(17), and possibly African swine fever virus v-Bcl-2 (5), abro-
gates viral replication. One hypothesized mechanism to explain
this observation is that apoptosis aborts the viral life cycle (17).
Antiapoptotic genes from several other viruses are important
to viral pathogenesis in vitro (5, 17), and the EBV v-Bcl-2,
BHRF1, is hypothesized to be important in facilitating cell
survival during lytic replication in vivo (14). Other studies
demonstrate that EBV infection, but not BHRF1, LMP-1, or
EBNALI, confers a malignant phenotype and apoptosis resis-
tance, suggesting that EBV encodes another antiapoptotic pro-
tein (20). Since BALF1 is an antiapoptotic v-Bcl-2, our data
suggest that by associating with proapoptotic proteins, BALF1
could interrupt the apoptotic pathway for elimination of EBV-
infected cells.
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