
BH3 domains define selective inhibitory interactions
with BHRF-1 and KSHV BCL-2
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The Epstein–Barr and Kaposi’s sarcoma c-herpesviruses (KSHVs) are associated with certain cancers, and encode B-cell
leukemia/lymphoma 2 (BCL-2) homologs, BHRF-1 and KSHV BCL-2, respectively. Little is known, however, about the molecular
interactions allowing viral BCL-2 homologs to mediate their anti-apoptotic function. Cellular anti-apoptotic proteins, such as
BCL-2 and MCL-1, prevent death via selective interactions with pro-death BH3-only proteins. To investigate whether BHRF-1 and
KSHV BCL-2 function similarly, we made recombinant BHRF-1 and KSHV BCL-2 proteins. We identified the individual binding
patterns for BHRF-1 and KSHV BCL-2 to BH3 domains. These studies surprisingly showed that KSHV BCL-2 is more closely
related to MCL-1 than to BCL-2, a result confirmed by sequence analysis. GST-BHRF-1 and GST-KSHV BCL-2 bound BH3-only
family proteins from human cells. BHRF-1 protected mammalian cells from growth factor withdrawal, etoposide and adriamycin.
We found that both BCL-2 and BHRF-1 sequestered pro-death BH3-only proteins under growth factor-deficient conditions.
Finally, we tested the ability of a panel of BH3 peptides to inhibit BHRF-1 and KSHV BCL-2 function in a mitochondrial model of
apoptosis. We found that each could be inhibited by the select group of BH3 peptides identified in our binding assay. Our studies
define the biochemical interactions underlying BHRF-1 and KSHV BCL-2 anti-apoptotic function, and identify peptides that are
prototypic inhibitors of this function.
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The intrinsic, or mitochondrial, pathway of apoptosis is
controlled by the B-cell leukemia/lymphoma 2 (BCL-2) family
of proteins. This family is comprised of both pro- and anti-
apoptotic proteins, which share homology in conserved BCL-2
homology (BH) regions.1 The anti-apoptotic proteins, such as
BCL-2, BCL-XL and MCL-1, share homology in BH regions 1–4.
The pro-apoptotic family members on the other hand, can
be subdivided into ‘multi-domain’ proteins, such as BAX and
BAK, which share homology in BH regions 1–3, and ‘BH3-
only’ proteins, such as BIM, BID, BAD and NOXA. BH3-only
proteins share homology only in the amphipathic a-helical
BH3 region, which is required by pro-apoptotic family
members for their pro-death function. The BH3-only proteins
can be further subdivided into ‘activators’ and ‘sensitizers’.2

Activators, such as BIM and BID, induce BAX and BAK
oligomerization resulting in mitochondrial outer membrane
permeabilization (MOMP), release of cytochrome c and
commitment to programmed cell death. To counteract this,
anti-apoptotic proteins inhibit BAX and BAK activation and
MOMP by sequestering activator BH3 domains such as BIM
and BID, and perhaps also by sequestering activated forms
of BAX and BAK. Sensitizers such as BAD and NOXA do
not interact directly with BAX or BAK, but rather occupy the
inhibitory pocket of anti-apoptotic BCL-2 family members,
such as BCL-2 and MCL-1, displacing activator BH3
domains.2 It has been determined that mammalian orthologs
of BCL-2 (including MCL-1, BCL-XL, BCL-w and BFL-1)
each have a distinct pattern of binding of BH3 domains from

pro-apoptotic BH3-only family members.2–6 It has further
been demonstrated that this pattern of binding relates directly
to the ability of these BH3 domains to antagonize the anti-
apoptotic protection afforded by BCL-2 and orthologs.

Many g-herpesviruses and a few other herpesviruses
encode at least one homolog of BCL-2.7 Epstein–Barr virus
(EBV) was discovered first in association with Burkitt’s
lymphoma and more recently has been found to be associated
with Hodgkin’s disease, T-cell lymphoma, nasopharyngeal
carcinoma, and post-transplant lymphoproliferative dis-
ease.8,9 Patients receiving immuno-suppressive anti-cancer
therapy and individuals with HIV have an increased suscept-
ibility to develop EBV-associated lymphomas. EBV encodes a
viral homolog of BCL-2, anti-apoptotic BHRF-1,10 which has
conserved BH1 and BH2 domains homologous to BCL-2.11

BHRF-1 can inhibit apoptosis induced by a number of death
insults including serum depletion,12 death induced by tumor
necrosis factor a and anti-Fas antibody,13,14 g irradiation, chemo-
therapeutic drugs,15,16 deregulated c-myc,17 granzyme B,18

Sindbis virus infection19 and the tumor suppressor protein
p53.20 BHRF-1 is expressed during the productive/lytic
replication cycle.21,22 It has been widely hypothesized that
BHRF-1 may function in EBV infections to promote viral
replication by maintaining survival of the host cell.

Like EBV, human herpesvirus 8, commonly called Kaposi’s
sarcoma herpesvirus (KSHV), a g-herpesvirus, is associated
with the development of human cancers. KSHV was first
identified in Kaposi’s sarcoma (KS) skin lesions of AIDS
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patients.23 Infection with KSHV is a significant risk factor in
developing KS, primary effusion lymphomas, HIV-related
lymphomas and Castleman’s disease.24 KSHV BCL-2 shares
homology in BH1 and BH2 domains with BCL-2.25 Like the
EBV counterpart BHRF-1, KSHV BCL-2 is expressed early in
the lytic replication cycle and can inhibit apoptosis induced by
several stimuli, including BAX overexpression, viral cyclin
overexpression and Sindbis virus infection.26–28 However, it is
not known whether KSHV BCL-2 expression is required for
development and maintenance of KS, or if KSHV BCL-2 is
required for maintaining cell viability during lytic cycle
replication. Of critical clinical importance, but equally obscure,
is whether the function of BHRF-1 and KSHV BCL-2 is needed
for the maintenance of tumors in which they are expressed.

Homologs of BCL-2 are conserved in species ranging from
Caenorhabditis elegans to humans. Viruses seem to have
adapted the mechanism of inhibiting cell death in the host
through viral BCL-2 homologs, promoting their own survival in
the host. BCL-2 homologs encoded by a- and g-herpesvirus
and the African swine fever virus share 20–30% homology
with one another and cellular BCL-2.7 All viral homologs
contain a BH1 sequence motif. The BH2 motif is also
conserved in the almost all viral BCL-2 homologs except for
murine g-herpesvirus 68 (gHV68).7 Both BH1 and BH2
sequence motifs are critical for BH3 domain binding and the
death repressor effects of the anti-apoptotic proteins.29 The
BH3 domain, thought to be important for killing cells, is poorly
conserved in the viral homologs. However, there is a similar
pattern of bulky hydrophobic and charged residues in the BH3
domain of the viral homologs as in the cellular proteins. There
is very little homology shared among the viral BCL-2

homologs in the BH4 domain, which is also true of the cellular
proteins.7

Certain cellular anti-apoptotic proteins like BCL-2 are
converted to pro-apoptotic proteins via caspase cleavage,
likely as a positive feedback loop to accelerate apoptosis.26,30

Most viral BCL-2 homologs cannot be converted into pro-
apoptotic proteins because they are not cleavable by proteases
or their C termini lack pro-apoptotic activity.31 Thus, viral BCL-2
proteins escape cellular control mechanisms.

An understanding of how BCL-2 proteins function to inhibit
apoptosis and promote the virus life cycle necessitates the
examination of how host BCL-2 family proteins regulate cell
death. We examined the BH3 domain-binding properties of
BHRF-1 and KSHV BCL-2, and found that, like their cellular
homologs, they exhibit a selective interaction pattern. BHRF-1
and KSHV BCL-2 bind pro-apoptotic BH3-only proteins in
cellular models. Their function can be inhibited by select BH3
domain peptides.

Results

BHRF-1 and KSHV show distinct patterns of interaction
with BH3 domain peptides. To investigate interactions of
viral BCL-2 homologs, GST-BHRF-1 and GST-KSHV BCL-2
proteins were expressed and purified. The C terminus of both
BHRF-1 and KSHV BCL-2 was truncated by removing the
last 27 amino acids of BHRF-1 and 33 amino acids from
KSHV BCL-2 (Figure 1a). These GST fusion proteins were
characterized by size; BHRF-1, 46.5 kDa, and KSHV BCL-2,
45.2 kDa on a Coomassie-stained gel, and identified using
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Figure 1 BHRF-1 and KSHV BCL-2 proteins were expressed and purified. GST-BHRF-1 and KSHV BCL-2 were truncated by 27 and 33 aa, respectively, at the C terminus
to increase solubility (a). The protein sequence highlighted in parenthesis was removed, leaving the sequence shown in black in parenthesis in its place (b). To check purity
and characterization, each protein was run on an SDS-PAGE gel, and stained with Coomassie blue, or transferred onto PVDF membrane and blotted for GST
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anti-GST (Z-5; Santa Cruz) antibodies (Figure 1b). GST
fusions with full-length KSHV BCL-2 or BHRF-1 were
insoluble in aqueous buffers.

Viral BCL-2 homolog interactions with BH3-only peptides
were determined with the aid of fluorescence polarization
assays (FPAs).2,32 It has previously been determined that
mammalian BCL-2 and orthologs (including MCL-1, BCL-XL,
BCL-w and BFL-1) demonstrate distinct profiles of binding
BH3 domains of BH3-only proteins.3–6 This pattern of binding
relates directly to the ability of these BH3 domains to
antagonize the anti-apoptotic protection afforded by BCL-2
and orthologs. FPA showed that BHRF-1 binds to BH3-only
peptides BIM, BID and PUMA but not BID BH3 mutant
(BIDmut). This pattern of interaction most closely resembles
that previously determined for the cellular anti-apoptotic
protein BFL-1. In contrast, KSHV BCL-2 interacts with BH3
domains from BIM, BID, NOXA, BIK, PUMA and BMF, but not
with BIDmut, or BAD BH3 (Table 1). This interaction pattern
closely resembles that of the cellular anti-apoptotic proteins
MCL-1, particularly the ability to bind NOXA BH3 peptides.3,6

The results suggest that, at least functionally, KSHV BCL-2
more closely resembles MCL-1 than BCL-2. Of note, the
binding affinities to interacting BH3 peptides is significantly
lower than that found in prior studies with cellular anti-
apoptotic proteins. While this may well reflect intrinsic
properties of the different proteins, it is also possible that
alterations in our bacterial expression, truncation or absence
of post-translational modification have an effect as well.

As another way of investigating the relatedness of BHRF-1
and KSHV BCL-2 to the cellular anti-apoptotic proteins,
BHRF-1 and KSHV BCL-2 full-length amino-acid sequences
were aligned to the anti-apoptotic BCL-2 family proteins using
ClustalW and TCOFFEE (EMBL-EBI research tools, http://
www.ebi.ac.uk).33,34 Interestingly, the cellular anti-apoptotic
protein to which KSHV BCL-2 is most closely related is MCL-1.
Alignment scores also show that KSHV BCL-2 shares most
similarity with MCL-1 (Table 2a and b). In addition, when you
compare the sequence for KSHV BCL-2 against all the
proteins deposited in GenBank (http://ncbi.nih.gov), using the
‘BLAST’ tool, the most similar human sequence to KSHV
BCL-2 was found to be MCL-1 (e value, 4e�05). The
congruence of the functional as well as sequence similarities
between KSHV BCL-2 and MCL-1 leads us to suggest that the
KSHV anti-apoptotic protein more closely resembles MCL-1
than BCL-2.

As KSHV and EBV are involved in human disease, it may be
of therapeutic benefit to be able to antagonize the function of
KSHV BCL-2 or BHRF-1. ABT-737 is a small molecule
antagonist of BCL-2, BCL-XL and BCL-w, binding, like the
BAD BH3 peptide, with high affinity to the hydrophobic pocket
that binds BH3 domains in these molecules.32,35 We tested
the ability of ABT-737 35 to displace BH3 peptides from BHRF-
1 and KSHV BCL-2. It was found not to interact with BHRF-1
or KSHV BCL-2 (Figure 2), as would be predicted, given the
lack of a BAD BH3 interaction with BHRF-1 and KSHV BCL-2
(Table 1).

BHRF-1 and KSHV BCL-2 interact with BH3-only proteins
in human cells. Next, we investigated binding of BHRF-1
and KSHV BCL-2 to intact BH3-only proteins from human
cells. To test whether viral BCL-2 homologs interact with
BH3-only proteins, we treated lysates from human B
lymphocyte (Ly-1) or Toledo or 293T cells with either GST-
BHRF-1, GST-KSHV BCL-2, GST-BCL-XL, GST MCL-1 or
GST alone. Lysates from Ly-1, Toledo and 293T cells were
chosen based on the high endogenous levels of the proteins
of interest present, namely BID, BIM, BAD and NOXA,
respectively. Following immobilization on glutathione–agarose
beads, protein complexes were identified by western blot

Table 1 BHRF-1 and KSHV BCL-2 have their own distinctive binding pattern

BID BIM BIDmut BAD NOXA A NOXA B HNOXA PUMA BIK BMF HRK

BHRF-1 99 (2) 29 (1) � � � � � 69 (2) � � �
KSHV BCL-2 112 (6) 56 (4) � � 163 (19) � 680 (24) 258 (6) 273 (18) 180 (69) 387 (7)
BCL-2 66 (6) o10 � 11 (3) � � ND 18 (1) 151 (2) 24 (1) �
BCL-XL 12 (9) o10 � o10 � � � o10 10 (2) o10 92 (11)
BCL-w o10 38 (7) � 60 (19) � � ND 25 (12) 17 (12) 11 (3) �
MCL-1 o10 o10 � � 19 (2) 28 (3) 537 (16) o10 109 (33) 23 (2) �
BFL-1 53 (3) 73 (3) � � � � ND 59 (11) � � �

Abbreviations: BCL-2, B-cell leukemia/lymphoma 2; KSHV, Kaposi’s sarcoma herpesvirus; ND, not determined Selective binding among anti-apoptotic BHRF-1,
KSHV BCL-2 and BH3-only family members. Dissociation constants for interactions between BHRF-1 and KSHV BCL-2 (left) and BH3 domains from BH3-only
proteins (top) are shown in nanomoles. Standard deviations of at least three independent measurements are in parentheses. Yellow blocks signify high-affinity
binding, blue blocks and minus sign signify no observed binding (Kdb1000 nM). Activators are in purple, sensitizers in green. With the exception of results for HNOXA,
values for BCL-2, BCL-XL, BCL-w, MCL-1 and BFL-1 are taken from Certo et al.32

Table 2 KSHV BCL-2 more closely resembles MCL-1, than other BCL-2 anti-
apoptotic proteins

BHRF-1 KSHV BCL-2

(a) CLUSTALW
MCL-1 12 18
BCL-2 20 10
BCL-XL 15 7
BCL-w 11 13
BFL-1 12 12

(b) TCOFFEE
MCL-1 51 72
BCL-2 67 54
BCL-XL 64 59
BCL-w 66 59
BFL-1 61 51

Abbreviations: BCL-2, B-cell leukemia/lymphoma 2; KSHV, Kaposi’s sarcoma
herpesvirus Alignment scores were produced using ClustalW (a) and
TCOFFEE (b) alignment programs. Numbers are designated by the respective
alignment program once the alignment is produced and are without units.
Higher numbers correspond to increased similarity
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(Figure 3). Purified GST was used as a control in this
experiment, and does not show binding to any of the BCL-2
family proteins, as expected. Equal loading of GST proteins
was determined by probing for GST (Figure 3c, e and h).

BHRF-1 interacts strongly with activator BIM and BID
proteins (Figure 3a and b, respectively). BHRF-1 and KSHV
BCL-2 show nearly background binding to BAD, compared
with a stronger signal for BCL-XL (Figure 3d). KSHV BCL-2
interacts relatively weakly with BIM and BID (Figure 3a and b).
KSHV BCL-2 shows interaction with human NOXA, though
weaker than that of MCL-1 with NOXA, consistent with the
binding affinities in Table 1 (Figure 3g). Densitometry
results are shown (Figure 3f and i). Binding of KSHV BCL-2
to NOXA is consistent with the binding code established in
Table 1.
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Figure 3 KSHV BCL-2 and BHRF-1 interact with sensitizer BH3-only proteins, consistent with their binding codes. GST pull-down assay. GST-KSHV BCL-2, GST-BHRF-1,
GST alone and GST-BCL-XL or GST-MCL-1 were individually immobilized on glutathione–agarose beads and combined with either Ly-1 B lymphoblast cell lysate (a–c),
Toledo cell lysate (d, e) (100mg) or 293 T cell lysate (g, h) (1.5 mg). Proteins interacting with GST-KSHV BCL-2 and GST-BHRF-1 were analyzed by immunoblot.
Densitometry was used to quantify levels of BAD (f) and NOXA (i)

Figure 2 BCL-2 antagonist ABT-737 does not target KSHV BCL-2 or BHRF-1.
Interactions determined by ability to displace a fluorescently labeled BIM BH3
peptide, as measured by fluorescence polarization
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BHRF-1 protects against cell death caused by growth
factor withdrawal and DNA damage. To establish a model
in which BHRF-1 can protect cells from death in a cellular
setting, we established cell lines stably overexpressing full-
length FLAG-BHRF-1 and FLAG-BCL-2. We were unable to
isolate cells either stably or transiently expressing full-length
FLAG-KSHV BCL-2. The pro-lymphocytic murine FL5.12 cell
line requires IL-3 to maintain survival. Consistent with prior
results,32 apoptosis induced by IL-3 withdrawal is inhibited by
overexpression of BCL-2 (Figure 4a). Cells stably expressing
FLAG-BHRF-1 were examined after IL-3 withdrawal using
FACS analysis with Annexin V staining. BHRF-1, like BCL-2
protects against cell death in an IL-3-depleted environment.
BHRF-1- and BCL-2-transfected cells were also found to
be protected from death induced by etoposide (50mM)

(Figure 4b) and adriamycin (300 nM) (Figure 4c) after 24 h.
The increased level of protection afforded by BCL-2 is
consistent with the observation that expression of BCL-2
exceeds that of BHRF-1, as indicated by the anti-FLAG
immunoblot in Figure 5g. We have validated, in concurrence
with prior results, that the presence of BHRF-1 can protect
cells from death, following serum starvation, etoposide
treatment and adriamycin treatment.

BHRF-1 protects against cell death by binding BIM. We
have established that BHRF-1 protects against cell death
following a variety of death inducers, and also have
investigated potential binding partners of BHRF-1. It is
unknown which BCL-2 family proteins BHRF-1 interacts
with following a specific death stimulus. Here, we removed
IL-3 from FL5.12 cells stably overexpressing FLAG-BHRF-1
or FLAG-BCL-2, prepared lysates from these cells and
examined which BCL-2 family proteins could be found in
complex with the two anti-apoptotic proteins. Following IL-3
withdrawal, BHRF-1 interacts strongly with activator BIM
(Figure 5a), in the same way that BCL-2 does. PUMA can
also be found in complex with BHRF-1 (Figure 5b), but
BHRF-1 appears to interact weakly or not at all with BAK,
BAX or BID (Figure 5c–e, respectively). It is important to note
that BIM and PUMA have previously been shown to play
important roles in death signaling downstream of IL-3
withdrawal.32,36,37 Equal loading in cell lysates was
examined by probing for b-actin (Figure 5f). Notably, while
similar amounts of FLAG-BCL-2 and FLAG-BHRF-1 are
immunoprecipitated, the FLAG-BHRF-1 is expressed at
levels significantly lower than FLAG-BCL-2 (Figure 5g).
FLAG-BHRF-1, therefore, may well represent only the
minority of net anti-apoptotic proteins expressed.
Therefore, when pro-death BH3-only proteins are
distributed across the total anti-apoptotic proteins, fewer
pro-death proteins are available to be bound by the FLAG-
BHRF-1. FLAG-BCL-2, expressed in higher quantities, can
bind a larger proportion of the total pro-death protein pool.
This is likely an explanation for the greater quantity of pro-
death proteins in complex with the exogenous FLAG-BCL-2.
Nonetheless, it is clear that removal of IL-3 results in
an increase in the amounts of BIM and PUMA bound to
FLAG-BHRF-1.

Anti-apoptotic function of BHRF-1 and KSHV BCL-2 can
be opposed selectively by BH3 domain peptides. tBID,
an activator BH3-only protein, can induce release of
cytochrome c from mitochondria, and thereby cause cell
death.38 The presence of anti-apoptotic proteins like BCL-2,
MCL-1, BCL-XL, BFL-1 and BCL-w can protect the
mitochondria from cell death induced by tBID.32 Sensitizer
BH3 domain peptides, including BAD, NOXA, PUMA, BIK,
BMF and HRK BH3 peptides, alone are unable to induce
cytochrome c release from mitochondria.2,32 However, we
have shown that sensitizers, nonetheless, exhibit a pro-death
function by displacing activators from anti-apoptotic proteins.
Sensitizers therefore cause apoptosis by abrogating the
function of anti-apoptotic cellular proteins like BCL-2 or
MCL-1. We wanted to test whether function of viral homologs
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BHRF-1 and KSHV BCL-2 could be opposed in a similar
fashion.

In our experiment, tBID, as before, induced cytochrome c
release from mouse liver mitochondria (Figure 6a and b).
Addition of either KSHV BCL-2 or BHRF-1 inhibited this
cytochrome c release, as did BCL-2, BCL-XL, BCL-w, MCL-1
and BFL-1 in a previous study.32 BH3-only sensitizer peptides
inhibited this protection in a pattern that recapitulated the
binding pattern found in Table 1. It is important to note that
BH3-only sensitizer peptides, alone, do not induce cyto-
chrome c release, as previously described.2,32 Cytochrome c
release induced by the activator BH3 peptide BIM BH3 was
prevented by addition of KSHV BCL-2 or BHRF-1, but not by
addition of GST alone (Figure 6c). When compared with our
prior study, it can again be seen that KSHV BCL-2 functions
similarly to MCL-1, and BHRF-1 to BFL-1. Therefore, the viral
anti-apoptotic proteins KSHV BCL-2 and BHRF-1 function like
the cellular anti-apoptotic proteins to oppose apoptosis, by
binding pro-apoptotic BH3-only proteins like tBID. Further-

more, their anti-death functions can be abrogated selectively
by BH3 domain peptides that function as prototypic BHRF-1
and KSHV BCL-2 inhibitors.

Discussion

While it has been understood for over a decade that KSHV
and EBV express homologs of BCL-2, the details of the
biological and biochemical functions of these proteins have
remained somewhat obscure. It was clear that the over-
expression of these proteins conferred resistance to apoptosis
from numerous insults. However, interactions with pro-death
BCL-2 family members seemed difficult to observe. KSHV
BCL-2 was found not to interact with BAX or BAK.39 BHRF-1
was found not to interact with BAK, BAX, BAD or BIK,11

though another group found that it interacted with BAK, but not
BAX.20 Our results demonstrate that both proteins do interact
with pro-death BCL-2 family proteins, but the interaction
pattern is quite selective. Both BHRF-1 and KSHV BCL-2 bind
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select pro-death BH3-only family members of the BCL-2
family to oppose apoptosis. In particular, using multiple
assays using peptide binding, GST pull-down assays and
co-immunoprecipitation, we show that BHRF-1 can interact
with BIM, in contradiction to a previous finding.40 Moreover,

like their cellular homologs, BHRF-1 and KSHV BCL-2 exhibit
selective interaction with BH3-only proteins.

We use these interactions to show for the first time that
KSHV, by both sequence and function, more closely
resembles MCL-1 than the other cellular anti-apoptotic
proteins. BHRF-1, on the other hand, more closely resembles
BCL-2 by amino-acid sequence, though its binding pattern
more closely resembles BFL-1 (Table 1). One way to make
sense of this is to understand that while KSHV BCL-2 and
BHRF-1 are functional homologs, they are not positionally
homologous in their respective viral genomes. This suggests
that the primordial anti-apoptotic genes were captured
independently, perhaps from different cellular proteins, and
then perhaps became more similar due to convergent
evolutionary pressures.

The biological role of the viral BCL-2 homologs expressed
by g-herpesviruses is still undecided. It does seem clear that
they are expressed at low levels during latent infection and are
not necessary for maintaining latent infection. Some suggest
that their expression is most important for the inhibition of
apoptosis during initial cellular infection and transformation.41

These findings conflict with other results, however.42 Yet other
work suggests that BCL-2 homologs are more important for
reactivation or persistent infection.43 Their role in cancer is
equally undecided, and understanding has been limited by the
poor availability of good antibodies recognizing the proteins.
However, transcripts of KSHV BCL-2 have been detected in
cell lines and clinical samples from primary effusion lympho-
ma and KS.28 BHRF-1 transcripts have been detected in EBV-
associated B-cell lymphomas.44 It has not been established
whether the expression of the corresponding proteins is
important in the tumor biology.

Given the possibility that antagonism of these BCL-2
homologs could be beneficial, we tested whether ABT-737,
a high-affinity small molecule antagonist of BCL-2, had any
effect on BHRF-1 or KSHV BCL-2 function. We found that
ABT-737 was unable to displace a BH3 peptide from the
binding site of either protein, consistent with a similar inability
of BAD BH3 peptide to bind to either protein. We have
previously shown that ability of a protein to bind the BAD BH3
peptide correlates with ability to bind the ABT-737 compound.
However, the binding code in Table 1, combined with the
evidence of BHRF-1 and KSHV BCL-2 inhibition in Figure 5,
demonstrates that small molecule mimetics of interacting BH3
peptides could, nonetheless, be designed to selectively inhibit
the two homologs. There is still much to learn about the role of
viral BCL-2 homologs in tumor development, but our findings
provide a stepping stone for identifying possible avenues that
may be exploited to promote therapeutic programmed cell
death.

Materials and Methods
Recombinant proteins. Constructs expressing BHRF-1 and KSHV BCL-2
were kind gifts of Professor Herbert Virgin’s lab in Washington University School of
Medicine, MO, USA. Using an IPTG-inducible GST fusion vector, PGEX-4T-1
(Amersham Biosciences), BHRF-1 and KSHV BCL-2 proteins were cloned and
expressed in Escherichia coli BL-21 competent cells (Stratagene) and grown in
Overnight ExpressTM Instant TB medium (EMD Biosciences) and affinity purified
using glutathione–agarose (for GST-linked proteins) as previously described.2 The
C-terminal transmembrane domain was truncated to maintain solubility in aqueous
solution (Figure 1a). For binding assays, GST-linked proteins were used for BHRF-1

GST BHRF-1 tBID competition assay

-10

0

10

20

30

40

50

60

tBID 
(50nM)

tBID +
GST 

BHRF-1

BAD NOXAA NOXAB HNOXA PUMA BIK BMF HRK

%
 c

yt
o

ch
ro

m
e 

c 
re

le
as

e 

PLUS tBID and GST BHRF-1

PLUS tBID and GST KSHV BCL-2

GST KSHV BCL-2 tBID competition assay

-10

0

10

20

30

40

50

60

tBID 
(13 nM)

tBID + 
KSHV 
BCL-2 

BAD NOXAA NOXAB HNOXA PUMA BIK BMF HRK

%
 c

yt
o

ch
ro

m
e 

c 
re

le
as

e 

BIM BH3 treated FL5.12 cells

0

5

10

15

20

25

30

35

40

Ctrl GST KSHV 
BCL-2 2.4uM

GST BHRF-1 
1uM

GST 2uM

%
 c

yt
o

ch
ro

m
e 

c 
re

le
as

e

Figure 6 Sensitizer BH3 peptides displace tBID protein from BHRF-1 and
KSHV BCL-2, consistent with their binding codes. tBID competition assay.
Mitochondria were prepared from wild-type mouse liver. Mitochondria were treated
with 50 nM tBID or 13 nM tBID alone or in combination with GST-BHRF-1 (0.2mM)
(a) or KSHV BCL-2 (1.5mM) (b), respectively, followed by the indicated sensitizer
peptides (10mM) at room temperature for 45 min. Release of cytochrome c was
measured by ELISA. BIM-treated FL5.12 cells. Mitochondria were prepared from
FL5.12 cells and treated with 500 nM BIM BH3 alone or in combination with GST-
KSHV BCL-2 (2.4mM), GST-BHRF-1 (1 mM) or GST alone (2 mM) (c). Release of
cytochrome c was measured by ELISA
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and KSHV BCL-2. Using a neomycin-resistant FLAG-tagged vector, pCMV3xFLAG
(Sigma), BHRF-1 and KSHV BCL-2 were cloned and purified from DH5a bacteria
(Invitrogen). Full-length FLAG-BHRF-1 was used in immunoprecipitation
experiments. Recombinant tBID was made as previously described;6 it contained
double cysteine to serine substitutions which maintains wild-type ability to induce
cytochrome c release.

Peptides. Peptides were synthesized as previously described.6

Fluorescence polarization binding assays. Binding assays were
performed using fluorescence polarization as previously described.2 Peptides at
5 nM were mixed with titrations of GST-BHRF-1 or GST-KSHV BCL-2 in binding
buffer (140 mM NaCl, 10 mM Tris (pH 7.4)). An increase in fluorescence polarization
measured on a Safire2 plate reader (Tecan) was quantitated to calculate binding. A
nonlinear fit to a sigmoidal dose–response curve utilized the program Magellan
version 6.1 to determine Kd. A minimum of three independent experiments was
used to determine dissociation constants.

Cell culture. FL5.12 cells were cultured as described previously6 in Iscove’s
modified Dulbecco’s medium, 10% fetal bovine serum, 1000 mg/ml G418 with or
without IL-3 provided by 10% WEHI-3B supplement (supernatant of IL-3 secreting
WEHI-3B cells). FL5.12 cells were stably transfected with a vector containing a
neomycin-resistance construct and either FLAG-BHRF-1 cDNA (FL5.12-BHRF-1),
human FLAG-BCL-2 cDNA (FL5.12-BCL-2) or no insert (wt).

Electroporation of cells. FL5.12 cells (1 ml of 8.0� 106 cells/ml) were
placed into 4 mm cuvette (Bio-Rad) and treated with either 50 mg of pCMV3x-FLAG-
BHRF-1 and FLAG-BCL-2 plasmid and electroporated at 200 V, 975mF. The cells
were removed from cuvettes, and seeded onto 10 ml media in a T25 flask (Fisher)
and incubated for 48 h. Media were then supplemented with 1 mg/ml G418
(Cellgro). To assess their apoptotic status, treated cells were stained with Annexin V
and analyzed on a FACSCalibur machine (Becton-Dickinson).

Annexin V assays. Cells were stained with fluorescent conjugates of Annexin
V (BioVision) and analyzed on a FACSCalibur machine (BD).

Immunoprecipitation. Cell lysates (1 mg) were incubated with anti-human
FLAG antibody (10 mg) for at least 1 h at 41C in 1% CHAPS buffer (5 mM sodium
phosphate pH 7.4; 2.5 mM EDTA; 100 mM sodium chloride; 1% w/v CHAPS, in the
presence of protease inhibitors (complete tablets; Roche). Protein A-sepharose
beads (Sigma) were added to precipitate complexes containing BHRF-1. The beads
were mixed with loading buffer prior to loading supernatant onto gel. Cell lysate
(25mg) in 1% CHAPS buffer was used per lane.

GST pull down. GST-KSHV BCL-2, GST-BHRF-1, GST-BCL-XL and GST-
MCL-1 (10mg) were incubated with glutathione–agarose beads for 1 h at 41C in
binding buffer (140 mM NaCl, 10 mM Tris pH 7.4). Beads were rinsed and incubated
with approximately 100mg of either Toledo cell lysate, Ly-1 cell lysate or 1.5 mg
293T cell lysate for 1 h at 41C. Beads were washed again and loaded on a
denaturing NuPAGE gel.

Immunoblots. Protein lysates were obtained by cell lysis in 1% CHAPS buffer.
Protein samples were size fractionated on NuPAGE 10% Bis-Tris polyacrylamide
gels (Invitrogen). Antibodies were used to detect the following proteins on
membranes: BIM (Calbiochem; 22–40); PUMA (Prosci; NT); Bid (Santa Cruz;
FL195); BAK (Upstate; NT); BAX (Santa Cruz; N-20); NOXA (Calbiochem;
114C307); GST (Santa Cruz; 425); BAD (Santa Cruz; 8044); FLAG (Sigma; M2)
and actin (Chemicon; MAB1501).

Cytochrome c release. Mitochondria were purified from FL5.12 cells as
previously described.2 Mitochondria were incubated with treatments for 45 min.
Mitochondria from Fl5.12 cells were treated with 500 nM BIM BH3, followed by
addition of 2.4mM GST-KSHV BCL-2, 1 mM GST-BHRF-1 or 2 mM GST alone.
Release of cytochrome c was determined by a comparison of cytochrome c in the
pellet and supernatant following treatment, quantitated by ELISA (R&D Systems).
When results of multiple experiments were averaged, results from solvent-only
(DMSO) treatment values were subtracted from each, so that 0% release reflects
that observed in solvent-only treatments.

tBID competition assay. Mitochondria prepared from mouse liver were
treated with either GST-BHRF-1 (0.2mM) or GST-KSHV BCL-2 (1.5mM) and 50 nM
cleaved Bid (tBID) and BH3-only sensitizer peptides (10 mM) at room temperature
for 45 min. Cytochrome c release from triplicate experiments was assayed using
ELISA.

Mice. Mitochondria were prepared from livers taken from wild-type mice as
previously described.2
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