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Sheeppox Virus SPPV14 Encodes a Bcl-2-Like Cell Death Inhibitor
That Counters a Distinct Set of Mammalian Proapoptotic Proteins
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Many viruses express inhibitors of programmed cell death (apoptosis), thereby countering host defenses that would otherwise
rapidly clear infected cells. To counter this, viruses such as adenoviruses and herpesviruses express recognizable homologs of the
mammalian prosurvival protein Bcl-2. In contrast, the majority of poxviruses lack viral Bcl-2 (vBcl-2) homologs that are readily
identified by sequence similarities. One such virus, myxoma virus, which is the causative agent of myxomatosis, expresses a viru-
lence factor that is a potent inhibitor of apoptosis. In spite of the scant sequence similarity to Bcl-2, myxoma virus M11L adopts
an almost identical 3-dimensional fold. We used M11L as bait in a sequence similarity search for other Bcl-2-like proteins and
identified six putative vBcl-2 proteins from poxviruses. Some are potent inhibitors of apoptosis, in particular sheeppox virus
SPPV14, which inhibited cell death induced by multiple agents. Importantly, SPPV14 compensated for the loss of antiapoptotic
F1L in vaccinia virus and acts to directly counter the cell death mediators Bax and Bak. SPPV14 also engages a unique subset of
the death-promoting BH3-only ligands, including Bim, Puma, Bmf, and Hrk. This suggests that SPPV14 may have been selected

for specific biological roles as a virulence factor for sheeppox virus.

iruses employ diverse strategies to subvert the death of in-
fected host cells by apoptosis (23). The process of determining
whether a cell lives or dies is critically dependent on the actions of
Bcl-2 protein family members, which are key regulators of the
mitochondrial or intrinsic pathway of apoptosis (68). Their cen-
tral role is reinforced by the realization that certain viruses express
sequence, structural, or functional homologs of mammalian Bcl-2
(13). Such members of the wider Bcl-2 family are readily recog-
nizable, as they share one to four regions of sequence similarity,
the Bcl-2 homology (BH) domains. In higher organisms, the pro-
survival family members, such as Bcl-2, Bcl-x;, and Mcl-1, keep
cells viable unless they are bound and inactivated by the proapo-
ptotic BH3-only proteins, such as Bim or Bad (44). BH3-only
proteins are activated by damage signals triggered after cellular
insults, such as growth factor deprivation or exposure to cytotoxic
drugs, to initiate the cell death machinery (55). Unlike the prosur-
vival Bcl-2 proteins, which contain multiple BH domains, the
BH3-only proteins contain only an a-helical BH3 domain, which
binds a receptor-like groove on the prosurvival proteins (44). The
key consequence is to activate the multidomain death mediators
Bax and Bak to drive mitochondrial outer membrane permeabi-
lization (MOMP), which results ultimately in the activation of
proteolytic enzymes (caspases) that drive cellular demolition (27).
A number of viruses, including adenovirus (66), Kaposi sarco-
ma-associated herpesvirus (KSHV) (52), Epstein-Barr virus
(EBV) (30), fowlpox virus FPV039 (1), and orf virus ORFV125
(64, 65), encode recognizable homologous Bcl-2-like proteins that
were recognized by their sequence similarities indicating the pres-
ence of one or more BH domains (13). Subsequent structure de-
termination of KSHV Bcl-2 (35) and EBV BHRF1 (36, 41) con-
firmed that both adopt the classical Bcl-2 fold encompassing the
canonical hydrophobic binding groove observed in their cellular
counterparts. Notably, viral Bcl-2-like proteins are often required
for successful viral propagation, emphasizing the critical role in-
hibition of host cell apoptosis plays during viral infections (23).
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However, other viruses express antiapoptotic proteins that appear
unrelated by sequence to known cell death regulators. They in-
clude myxoma virus-encoded M11L (19, 20, 25), human cyto-
megalovirus-encoded vMIA (24), murine cytomegalovirus-en-
coded m38 (38), and vaccinia virus-encoded F1L (21, 48, 49, 61,
63) and N1L (2, 7, 12). Despite the lack of sequence similarity to
the Bcl-2 protein family, both F1L and M11L adopt a Bcl-2 fold
(16, 40, 42), and the structure of M11L in complex with the BH3
peptide from Bak revealed that M11L binds BH3 ligands via the
canonical BH3 binding groove (40). Similar to mammalian cell
death antagonists, M11L acts to directly counter the cell death
mediators Bax and Bak expressed by the host (40).

Opverall, these studies suggest that there may be other yet-to-
be-identified viral Bcl-2 proteins, and we embarked on a search for
other viral gene products that bear sequence similarity to M11L to
sample a different region of sequence space compared to cellular
Bcl-2 proteins. Six candidate poxvirus genes were identified using
a BLAST search, and one originating from sheeppox virus was
selected for further analysis, since it appeared to be as potent an
inhibitor of apoptosis as M11L in an initial cell death assay. Sheep-
pox virus is a member of the genus Capripoxvirus within the sub-
family Chordopoxvirus of the Poxviridae. Sheeppox is endemic in
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FIG 1 Identifying putative viral Bcl-2 (vBcl-2) homologs. (A) Using myxoma virus M11L as the query sequence in a BLASTP search of the NCBI database, six
putative Bcl-2 family proteins encoded by viruses were identified (40). The pairwise identities (percent) in the amino acid sequences between the proteins were
determined using Clustal W (57). Note the low sequence homology (<15%) of all the putative vBcl-2 proteins to human Bcl-x; . (B) The amino acid sequence of
avBcl-2, SPPV 14, was structurally aligned with those of myxoma virus M11L (40), mouse Bcl-x; (44), and KSHV Bcl-2 (35). Based on this alignment, the residues
making up a-helices 1 to 8 are marked “H.” The colored shading indicates the BH1 (magenta), BH2 (orange), BH3 (green), and BH4 (yellow) Bcl-2 homology
regions in Bcl-x; and KSHV Bcl-2. The residues marked in cyan are those in the BH3 binding groove of M11L and conserved between it and SPPV14 (Fig. 2A).

TM indicates the putative transmembrane region as taken from M11L.

Southwest and Central Asia, India, and North Africa and is a sig-
nificant economic factor due to high mortality rates (50 to 70%),
particularly in young animals. In cellular assays, we showed that
sheeppox virus SPPV14 potently protects against diverse apop-
totic stimuli, and here, we also report studies to define the molec-
ular mechanism of action, and in particular, how it compares with
other related proteins, such as myxoma virus M11L. Even though
SPPV14 directly inhibits Bax and Bak, similar to M11L, it also
binds a unique subset of the BH3-only proteins, suggesting that it
may be functionally selected for a specific biological role(s) during
the sheeppox virus life cycle.

MATERIALS AND METHODS

Expression and retroviral constructs. The cDNAs of deerpox virus
(DPV83gp022 and DPV84gp022), swinepox virus (SPV12), shope fi-
broma virus (gp011L), lumpy skin disease virus (LD17), and sheeppox
virus (SPPV14) were synthesized (GeneScript) and verified by sequenc-
ing. All mammalian expression vectors for hemagglutinin (HA)-tagged
BH3-only proteins, HA-Bax and HA-Bak, subcloned into pEF PGKhygro
have been described previously (9, 34, 46, 67). Similar constructs, made by
subcloning into pEF PGKpuro, were generated for all viral proteins. A
retroviral expression construct (Bimg2A) was generated by subcloning
into pMIG (murine stem cell virus [MSCV]-internal ribosome entry site
[IRES]-green fluorescent protein [GFP], where the GFP sequence is that
of enhanced GFP [EGFP]), as previously described (9, 67). The GFP se-
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lection cassette was replaced with the hygromycin resistance gene (58) for
the constructs expressing viral proteins. Yeast constructs were made by
subcloning into the pGALL(TRP) vector, as previously described (22). All
c¢DNAs were of human or viral origin.

Details of all oligonucleotides and constructs used are available on
request.

Tissue culture, cell death induction, retroviral infections, and apop-
tosis assays. All cell lines except Jurkat cells (HEK293T immortalized
human embryonal kidney cell line, Phoenix Ecotropic packaging cells
[39], and mouse embryonic fibroblasts [MEFs]) were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal calf serum (FCS) and in some cases with 250 mM L-asparagine
and 50 mM 2-mercaptoethanol. HuTK™ -143B and Jurkat cells were
obtained from ATCC and maintained as previously described (62).
Jurkat cells overexpressing Bcl-2 were generated and cultured as pre-
viously described (6); Bak- and Bax-deficient Jurkat cells were a gift
from H. Rabinowich (University of Pittsburgh School of Medicine,
Pittsburgh, PA) (60).

Al MEFs (9, 67) were generated from embryonic day 13 (E13) to E14.5
embryos and immortalized at passages 2 to 4 with simian virus 40 (SV40)
large T antigen. All mice used were of C57BL/6 origin or had been back-
crossed (>10 generations), and their genotypes were determined as pre-
viously described (details are available on request).

Cell death was induced with 10 to 40 uM etoposide, UV irradiation
(100 J/m?), cytosine arabinoside (AraC), ABT-737 (1 uM; Abbott) (47),
or FasL (Alexis) or by retroviral infection. pMIG retroviral constructs
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FIG 2 Some putative vBcl-2 proteins block apoptosis. (A) Cartoon of the binding interface formed by the M11L-Bak complex (40). The M11L surface is shown
in gray, and residues conserved between SPPV14 and M11L (Fig. 1B) that form part of the canonical binding groove in M11L are shaded in cyan. The Bak BH3
peptide is shown in orange. (B) Cartoon of the binding interface formed by the M11L-Bak complex. The colors are as in panel A, and the Bak BH3 peptide is
removed for clarity. (C) The expression of FLAG-tagged viral proteins in MEFs was detected by flow cytometry. MEFs expressing novel vBcl-2 proteins were fixed
and stained with an anti-FLAG antibody (red lines). The staining of MEFs expressing the empty vector is shown as the negative control (black lines). (D) The
viability of MEFs expressing the empty vector, M11L, or poxvirus vBcl-2 proteins treated with etoposide (2.5 uM) for 24 h was determined by propidium iodide
(PI) exclusion. The relative viability was determined by normalizing to that of M11L-expressing cells treated with etoposide. The data represent means =

standard deviations (SD) of two experiments performed with each cell line.

encoding BH3-only proteins were transiently transfected into Phoenix
Ecotropic packaging cells, and viral supernatants were used to infect cells
as described previously (9). Cell viability in both short-term assays and
long-term assays of colony formation was determined as described previ-
ously (9). Long-term survival is expressed as a percentage of the number
of colonies obtained relative to the number of colonies obtained after
retroviral infection with empty parental retrovirus.

Bak activation was assessed by infecting 1 X 10° Jurkat cells, Jurkat
cells expressing Bcl-2, or Bak- and Bax-deficient Jurkat cells at a multi-
plicity of infection (MOI) of 10 with VVEGEP (control wild-type vaccinia
virus), VVAF1L (F1L-deficient virus), or VVAF1L-FLAG-SPPV14 (F1L-
deficient virus expressing FLAG-tagged SPPV14). Six hours postinfection,
the cells were fixed in 0.25% paraformaldehyde, permeabilized with 500
pg/ml (0.05%) digitonin (Sigma-Aldrich), and stained with a conforma-
tion-specific anti-Bak Ab-1 antibody (Oncogene Research Products) (28).
Phycoerythrin-conjugated anti-mouse antibody was used to counterstain
the cells (Jackson ImmunoResearch) before analysis by flow cytometry
(FACScan; Becton Dickinson) using the FL-2 channel equipped with a
585-nm filter (42-nm band-pass). Data were analyzed using CellQuest
software.

Protein production. The cDNA of SPPV14 was used to amplify the
region coding for residues 1 to 145 of SPPV14 (deleting the C-terminal 31
amino acids, referred to as SPPV14AC31), which was cloned into the pET
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DUET vector (Invitrogen) using an introduced 5’ BamHI restriction site
and 3’ EcoRlI site, followed by a stop codon, and expressed in Escherichia
coli BL21(DE3) pLysS cells. After homogenization in lysis buffer (20 mM
Tris-HCI, pH 8.0, 150 mM NaCl, 10 mM 2-mercaptoethanol), the cell
lysate was centrifuged and filtered prior to loading onto a 1-ml His-Trap
column (Amersham). The protein was eluted in lysis buffer supplemented
with 250 mM imidazole and subjected to gel filtration chromatography in
20 mM HEPES, pH 7.5, 150 mM NaCl, and 10 mM dithiothreitol (DTT)
using a Superdex 200 column (Amersham), where it eluted as a single
peak.

Immunoprecipitation and immunoblotting. The transfection and
metabolic labeling of the human embryonic kidney (HEK293T cells with
[>>S]methionine/[*® S]cysteine (NEN) have been described previously
(33,46). Immunoprecipitation of SPPV14 with Bak or Bax was performed
using mouse monoclonal anti-FLAG (M2; Sigma) or anti-HA (HA11;
Covance) antibody in buffer containing 20 mM Tris-HCI, pH 7.4, 135
mM NaCl, 1% Triton X-100, 10% glycerol in the presence of protease
inhibitor (Roche). Control immunoprecipitations were performed using
an anti-mouse Glu-Glu (MMS-115R; CRP) antibody. Proteins were re-
solved by SDS-PAGE (Novex gels; Invitrogen), transferred onto nitrocel-
lulose membranes, and detected with X-ray film (Hyperfilm; GE Health-
care).
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FIG 3 SPPV14 inhibits apoptosis, but not NF-«kB activation. (A) Sheeppox virus SPPV14 is functionally comparable to myxoma virus M11L. Shown is the
viability of wild-type (WT) MEFs expressing M11L or SPPV 14, or the vector control, 24 h after treatment with 0 to 40 uM etoposide. (B) SPPV 14 blocks apoptosis
induced by diverse agents. Shown is the viability of MEFs (described in the legend to Fig. 1B) 24 h after treatment with 10 wM AraC or exposure to UV irradiation
(100 J/m?). The bars on the right show the viability of similarly treated Bax/Bak-doubly deficient MEFs. (C) SPPV14 prevents cytochrome c release. Jurkat cells
were infected with VVEGFP, VVAF1L-SPPV014, and VVAFIL at an MOI of 10 for 4, 8, and 12 h. Mitochondrial pellets and cytoplasmic supernatants were
separated via ultracentrifugation after treatment with digitonin. The mitochondrial pellets were resuspended in lysis buffer containing 0.1% Triton X-100, and
20% of the mitochondrial fractions and 50% of the cytoplasmic fractions were subjected to SDS-PAGE and immunoblotted with anti-cytochrome c and anti-Bak
NT antibody as a control. WB, Western blotting. (D) SPPV14 does not block NF-kB activation induced by IL-18 or TNF-a. HEK293 cells were transiently
transfected with an NF-kB luciferase reporter plasmid and the empty vector, dominant-negative (DN) IkBa, Bcl-2, B14, or SPPV14. The relative luciferase
activity was measured 8 h after treatment with IL-13 (100 ng/ml) or TNF-a (100 ng/ml). The data represent means * SD from 2 independent experiments.

Vaccinia virus production. SPPV14 ¢cDNA was subcloned into
pSC66, which places the gene under the control of a poxvirus promoter
to generate VVAF1L-FLAG-SPPV14 (17). Recombinant VVAFI1L-
FLAG-SPPV14 was generated by homologous recombination of
pSC66-FLAG-SPPV 14 into the thymidine kinase locus of VVAFIL, as
described previously (17). In brief, 1 X 10° baby green monkey kidney
(BGMK) cells were transfected with 5 pg of pSC66-Flag-SPPV14 and
infected with VVAFIL at an MOI of 0.05. Recombinant viruses were
selected by growth on HuTK ™ -143B cells in the presence of 5-bro-
modeoxyuridine (Sigma-Aldrich) and plaque purification using
5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (Rose Scientific
Ltd.) to visualize -galactosidase-positive viruses. All viruses were
grown on BGMK cells.

Cytochrome c release. Jurkat cells (1 X 10°) were infected with
VVEGFP, VVAFI1L-SPPV014, and VVAFI1L at an MOI of 5 at 4, 8, and 12
h of infection. The cells were permeabilized in lysis buffer containing 75
mM NaCl, 1 mM NaH,PO,, 8 mM Na,HPO,, 250 mM sucrose, and 190
pg/ml of digitonin (Sigma-Aldrich), and the lysates were incubated on ice
for 10 min (62). Mitochondrial and cytoplasmic fractions were separated
by ultracentrifugation at 10,000 X g for 5 min. The mitochondrial pellet
was resuspended in Triton X-100 lysis buffer containing 25 mM Tris, pH
8.0, and 0.1% Triton X-100 (Fisher Scientific). Samples were subjected to
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SDS-PAGE and immunoblotted with mouse anti-cytochrome ¢ (BD
PharMingen) and anti-Bak NT as a control.

PARP cleavage assay. To detect cleavage of poly-ADP ribose polymer-
ase (PARP), Jurkat cells (1 X 10°) were mock infected or infected with
VVEGFP, VVAF1L-SPPV014, and VVAFI1L at an MOI of 5. Cells were
harvested 4, 8, 12, and 16 h postinfection and lysed in SDS-PAGE sample
buffer containing 8 M urea. Samples were subjected to SDS-PAGE and
immunoblotted with anti-PARP (BD PharMingen), anti-B-tubulin
(EMC Bioscience), and anti-I3L to detect virus infection.

Solution competition assays. Solution competition assays using the
Biacore optical biosensor were performed as described previously (9),
using identical BH3 domain peptides and 10 nM SPPV14AC31.

Yeast colony assays. Saccharomyces cerevisiae W303a cells were
cotransformed with pGALL(TRP) vector only, pPGALL(TRP)-Bcl-x;, or
pGALL(TRP)-DPV022 and pGALL(Leu)-Bak or pGALL(Leu)-Bax.
PGALL(TRP) and pGALL(Leu) place genes under the control of a galac-
tose-inducible promoter (29). Cells were spotted as 5-fold serial dilutions
onto medium containing 2% (wt/vol) galactose (inducing [ON]), which
induces protein expression, or 2% (wt/vol) glucose (repressing [OFF]),
which prevents protein expression, as previously described (37). Plates
were incubated for 48 h at 30°C and then photographed.
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FIG 4 SPPV14 can functionally replace F1L during vaccinia virus infection. (A to C) SPPV14 inhibits Bak activation during vaccinia virus infection. Wild-type
(A), Bax/Bak-doubly deficient (B), or Bcl-2-overexpressing (C) Jurkat cells were mock infected or infected with VVEGFP, VVAFIL, or VVAF1L-FLAG-SPPV 14
(F1L-deficient virus expressing FLAG-tagged SPPV14) vaccinia virus. Bak activation was detected 6 h later by flow cytometric analyses of cells stained with the
conformation-specific anti-Bak Ab-1 antibody (28). Positive-control mock-infected cells were treated with the broad-spectrum kinase inhibitor staurosporine
(+STS) (A, a), known to induce apoptosis in many cell types. The bars mark the populations that contained activated Bak. Experiments were performed in

triplicate. Fractions of Bak-activated cells are given as percentages.

RESULTS

Identifying putative viral Bcl-2 homologs. Although proteins
such as Epstein-Barr virus BHRFI (30) and adenovirus E1B19K
(66) were first isolated due to their roles in modulating host-
pathogen interactions during infection and in extending the life
span of infected cells, they were later recognized as viral homologs
of Bcl-2 (vBcl-2) by virtue of their sequence similarity to mamma-
lian Bcl-2 (11). In contrast, herpesvirus saimiri-encoded ORF16
(54) and fowlpox virus-encoded FPV039 (1) were specifically rec-
ognized due to sequence similarity to mammalian Bcl-2. Aside
from these readily identifiable viral Bcl-2-related proteins, the re-
cent molecular and structural characterization of proteins such as
M11L in myxoma virus (40, 59) and F1L in vaccinia virus (21, 42,
63), which appear to be unrelated to Bcl-2 by conventional se-
quence comparisons, has opened up another approach to identi-
fying vBcl-2 proteins.

By searching for putative proteins that are related by sequence
to M11L instead of mammalian Bcl-2, we circumvented the need
for conventional genetic or functional screens in order to identify
putative antiapoptotic factors encoded by other organisms. In a
BLASTP search of the NCBI database (40), the top hits included
six sequences that encode putative open reading frames (ORFs)
from deerpox virus (DPV83gp022 and DPV84gp022), swinepox
virus (SPV12), shope fibroma virus (gp011L), lumpy skin disease
virus (LD17), and sheeppox virus (SPPV14) (Fig. 1A). Even
though the overall sequence similarity to M11L was low, the crit-
ical residues forming the canonical binding groove in M11L (40)
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were conserved in all six proteins, strongly suggesting the presence
of an analogous BH3 binding grove in these proteins (Fig. 1B and
2A and B).

To test if these ORFs encode antiapoptotic proteins, we ex-
pressed tagged versions of all six proteins in MEFs (Fig. 2C) and
assessed their abilities to counter killing induced by the cytotoxic
drug etoposide (Fig. 2D). DPV83gp022, LD17, and SPPV14 po-
tently inhibited etoposide-induced killing, whereas DPV84gp022,
swinepox virus (SPV12), and shope fibroma virus (gp011L) did
not afford protection against etoposide, even though they were
abundantly expressed. Interestingly, we noted that four residues
(M52, T67,L68,and A71) in the binding groove of M11L are likely
to be important for function, since the identified DPV84gp022,
SPV12, and shope (rabbit) fibroma virus gp011L, which do not
protect against apoptosis, have critical substitutions for these res-
idues (see Fig. S1 in the supplemental material), possibly pointing
to a biological function that does not involve apoptosis. We
elected to focus further studies on SPPV14, since it was the most
potent (Fig. 2D) out of all 6 identified putative vBcl-2 proteins and
afforded protection against etoposide that appeared superior to
that of M11L. Notably, SPPV14 shows 22% sequence identity to
M11L. However, significantly higher conservation was apparent
in the region corresponding to the central a5 helix that constitutes
the BH1 region in M11L (10/21 amino acids; ~50%) (Fig. 1B).

Sheeppoxvirus SPPV14isapotent inhibitor of mitochondri-
ally mediated cell death. To extend the functional analysis, we
examined the dose response following etoposide treatment.
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FIG 5 SPPV14 inhibits Bax activation during vaccinia virus infection. (A) HeLa cells were infected with VVEGFP, VVAFIL, or VVAF1L-FLAG-SPPV14 and
incubated for 24 h. Infected cells or UV-C-irradiated HeLa cells were fixed and stained with the conformation-specific anti-Bax antibody 6A7, which specifically
recognizes activated Bax (14, 31). (B) HeLa cells infected with VVEGFP, VVAFIL, or VVAF1L-FLAG-SPPV14 were lysed with Triton X-100 or CHAPS
{3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate}-based buffers and immunoprecipitated (IP) using the conformation-specific anti-Bax an-
tibody 6A7. The immunoprecipitants were subjected to SDS-PAGE and blotted with the anti-Bax antibody 2D2, an antibody that recognizes all forms of Bax in
immunoblots. (C) SPPV14 inhibits Bax activation induced by VVAF1L. HeLa cells infected with VVEGFP, VVAF1L, or VVAF1L-FLAG-SPPV14 were incubated
for 24 h and fixed, and Bax activation was measured by staining with anti-Bax 6A7 antibody (31) that specifically recognizes activated Bax. The data were
quantified by counting 200 cells per experiment; means and SD of three replicate experiments are shown. UV-C, positive-control UV-irradiated HeLa cells. (D)
SPPV14 inhibits PARP cleavage induced by VVAF1L. Jurkat cells were mock infected or infected with VVEGFP, VVAF1L-SPPV 14, or VVAF1L at an MOI of 5.
Samples were collected 4, 8, 12, and 16 h postinfection, and the cells were lysed in SDS-PAGE sample buffer containing 8 M urea. Samples were subjected to
SDS-PAGE and immunoblotted for PARP to determine the trigger of apoptosis; 3-tubulin was used as a loading control and I3L as a sign of infection.

SPPV14 proved to be as efficacious as M11L (Fig. 3A), and its  (TNF-a), when HEK293T cells were cotransfected with a NF-kB
ability to counter killing induced by other agents, such as AraCor  reporter plasmid. Although we were able to confirm the ability of
UV irradiation, was also comparable (Fig. 3B). Furthermore, B14 to block NF-kB activation in this assay, neither Bcl-2 nor
SPPV 14 appears to act at the mitochondrial checkpointand notat ~ SPPV14 could (Fig. 3D), even though they were expressed. Over-
the level of caspases, since it potently inhibits cytochrome crelease  all, our results demonstrate that sheeppox virus SPPV14 can ef-
(Fig. 3C). fectively inhibit multiple forms of apoptosis induced by the intrin-
As M11L was previously reported to protect against Fas-in-  sic (mitochondrial) pathway (Fig. 2 and 3) but does not appear to
duced cell killing (59), we assessed the abilities of various virus-  interfere with death through the extrinsic pathway or with NF-kB
encoded antiapoptotic proteins to inhibit the extrinsic pathway of  activation.
apoptosis. To induce CD95 (Fas) killing, FLAG-tagged Fas ligand Sheeppox virus SPPV14 inhibits apoptosis during viral in-
was aggregated with the anti-FLAG antibody (32, 53). Notably,in  fection. Since SPPV14 can effectively inhibit killing triggered by
cells treated with Fas ligand and cycloheximide, which is required  experimentally applied stimuli, but not Fas, we next investigated
for Fas-induced killing of MEFs, potent killing was observed (see its ability to inhibit apoptosis during viral infection (Fig. 4 and 5).
Fig. S2 in the supplemental material). Expression of M11L, Wild-type vaccinia virus infects and propagates in a wide range of
SPPV 14, or vaccinia virus B14, a vaccinia virus virulence factor =~ mammalian celllines, including Jurkat and HeLa cells. Deletion of
that inhibits IkB kinase (IKK) (26), had no impact upon Fas- the antiapoptotic protein FIL (63) from vaccinia virus results in
induced killing (see Fig. S2). In MEFs, killing by Fas did not appear ~ apoptosis of infected cells, indicated by the activation of the key
to be primarily regulated by the Bcl-2 protein family, since theloss  cell death mediators Bak (Fig. 4A) and Bax (Fig. 5). To determine
of the essential death mediators Bax and Bak made little difference  if SPPV14 could functionally replace F1L and inhibit vaccinia vi-
(see Fig. S2). rus-induced apoptosis, we inserted SPPV14 into a F1L-deficient
Having established that SPPV14 is a bone fide antiapoptotic ~ vaccinia virus, and remarkably, SPPV14 was able to completely
protein (Fig. 2 and 3), we next determined if SPPV14 also inter-  block Bak (Fig. 4A) and Bax (Fig. 5B and C) activation, thereby
fered with NF-kB signaling, since some vBcl-2 proteins, such as  maintaining cell viability during infection with vaccinia virus.
vaccinia virus B14, A52, and N1L (2, 15, 26), fold like Bcl-2 but  These findings are further supported by the observation that
inhibit NF-kB. As expected, a dominant interfering mutant of SPPV14 in the context of vaccinia virus infection also inhibits
IkBa effectively blocked activation of NF-kB induced by two cy-  PARP cleavage (Fig. 5D).
tokines, interleukin 1 (IL-1B) and tumor necrosis factor alpha In summary, we have demonstrated that sheeppox virus
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FIG 6 SPPV14 binds a unique set of mammalian proapoptotic proteins. (A to
D) SPPV14 binds the BH3 domains of Bak, Bax, and certain BH3-only pro-
teins. The relative binding affinities (IC5,) of recombinant SPPV14 (lacking its
C terminus) for long BH3 peptides were determined by solution competition
assays using the Biacore optical biosensor (9) (Table 1). The relative affinities
of the interactions for SPPV14 (A), M11L (40) (B), Bcl-x; (9) (C), and Mcl-1
(9) (D) are indicated by the thickness of the lines. Absence of a line indicates no
binding. (E) Overexpression of Bimg, Puma, and tBid counters the protection
afforded by SPPV14. Shown is colony formation of M11L- or SPPV14-ex-
pressing MEFs infected with viruses expressing Bimg, Puma, tBid, or an empty
control. The number of colonies formed is expressed as a proportion of the
colonies formed with the empty vector. The data represent means and SD from
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SPPV14, a Novel Bcl-2-Like Protein

SPPV14 counters multiple experimentally applied inducers of
apoptosis and appears fully functionally competent even in the
context of infection with a distantly related virus, such as vaccinia
virus.

SPPV14interacts with a selective subset of mammalian Bcl-2
proteins. The capacity of most vBcl-2 proteins to inhibit apopto-
sis depends on the ability to bind and interfere with the action of
mammalian proapoptotic proteins (4, 23, 40, 41, 61). Since
SPPV14 potently prevented the activation of proapoptotic Bax
and Bak (Fig. 4 and 5), we further investigated the molecular basis
of Bax and Bak inhibition by testing the ability of SPPV14 to in-
teract with mammalian proapoptotic Bcl-2 proteins. Initially, we
evaluated the ability of recombinant SPPV14 to bind the BH3
domains of eight BH3-only proteins, as well as Bax and Bak, via
solution competition assays (Fig. 6A and Table 1) (9). Bak and Bax
BH3 domains were bound strongly with a 50% inhibitory concen-
tration (IC5,) of <50 nM. For the BH3-only proteins, strong
binding (IC;, < 50 nM) to Bim was observed, whereas other BH3-
only proteins, such as Puma, Bmf, Hrk, and Bid, bound more
weakly to SPPV14 (Table 1). No binding was detected with Noxa,
Bik, or Bad when tested at the highest peptide concentration (2
nM), and these findings were confirmed in vivo in immunopre-
cipitation assays (Fig. 7A) for Bim, Bid, Puma, Bad, and Bmf.

Compared to the binding profiles observed for other prosur-
vival Bcl-2 proteins (Fig. 6 and Table 1), SPPV14 was found to be
unique. Whereas both M11L and SPPV14 engaged Bim, Bak, and
Bax, SPPV14 also showed significant affinity for Puma, Hrk, and
Bmf (Table 1). In accordance with the in vitro binding assay, the
BH3-only proteins Bim, tBid, and Puma, which could bind
SPPV 14, also countered its prosurvival effect when overexpressed
in MEFs (Fig. 6E). Unlike SPPV14, M11L cannot bind Puma, and
its prosurvival effect was thus not countered by Puma overexpres-
sion in MEFs. Moreover, the pattern observed for SPPV14 is dis-
tinct from that observed with the two broad classes of mammalian
prosurvival Bcl-2 proteins exemplified by Bcl-x; and Mcl-1 (Fig.
6). The unique pattern observed with SPPV14 may well reflect the
specific functional requirements for such an inhibitor in the con-
text of a viral infection.

SPPV14 can functionally antagonize cell death mediated by
Bax or Bak. Since SPPV14 can bind both Bax and Bak in vitro (Fig.
6) and these findings were confirmed in vivo in immunoprecipi-

TABLE 1 Binding affinities of selected prosurvival Bcl-2 proteins for BH3 ligands

Binding affinity (IC5," in nM)

BH3 ligand SPPV14 MI11L BHRF1 Bcl-2 Bcl-w Bel-x;. Mcl-1 Al
Bad >2,000 >1,000 >2,000 16 30 5.3 >100,000 15,000
Bid 341 £ 16 100 42 6,800 40 82 2,100 1

Bik >2,000 >1,000 >2,000 850 12 43 1,700 58
Bim 26+ 4 5 <50 2.6 4.3 4.6 2.4 1

Bmf 67 £ 6 100 >2,000 3 9.8 9.7 1,100 180
Hrk 636 >1,000 >1,000 320 49 3.7 370 46
Noxa >2,000 >1,000 >2,000 >100,000 >100,000 >100,000 24 20
Puma 65 *1 >1,000 <50 3.3 5.1 6.3 5 1

Bak 46 £ 3 50 NA >1,000 500 50 10 NA
Bax 32*5 75 NA 100 58 130 12 NA
Bim2A >1,000 NA NA >10,000 >10,000 >10,000 19 520
ABT-737 >1,000 NA >20,000 3.5 9.5 5.7 >2,000 >2,000

7 ICs0s were determined by solution competition assays using the Biacore optical biosensor (9) and represent means * SD from 3 independent experiments. NA, not available.

Apart from SPPV 14, data were taken from references 9, 22, 40* to 42*, and 67*.
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FIG 7 SPPV14 binds both Bak and Bax in mammalian cells and counters growth suppression of yeast by Bax and Bak. (A) Interactions between overexpressed
FLAG-SPPV14 and HA-tagged Bimg, tBid, Puma, Bad, and Bmf were evaluated by coimmunoprecipitation. Equivalent CHAPS-containing 293T cell lysates were
immunoprecipitated with antibodies to the HA tag, subjected to SDS-PAGE, and analyzed by Western blotting using anti-FLAG antibody. (B) Interactions
between overexpressed FLAG-SPPV14 and HA-tagged Bak or Bax were evaluated by coimmunoprecipitation. Equivalent **S-labeled CHAPS-containing 293T
cell lysates were immunoprecipitated with antibodies to FLAG (F), HA (H), or control (C) tags. (C) SPPV14 counters growth suppression of yeast by Bak and Bax.
Yeasts cotransformed with plasmids encoding the indicated prosurvival proteins and Bak or Bax, each under the control of an inducible (GAL) promoter, were
spotted onto repressing glucose (OFF) or inducing galactose (ON) plates as 5-fold serial dilutions. The images are representative of 2 independent experiments.

tation assays (Fig. 7B), we next determined if SPPV 14 could coun-
ter Bax and Bak directly. We utilized a yeast-based assay, where
overexpression of Bax or Bak leads to yeast growth arrest (37) that
can be overcome by overexpression of mammalian prosurvival
Bcl-2 proteins. SPPV14 can counter the growth suppression in
yeast cells when either Bax or Bak is overexpressed (Fig. 7C). Thus,
we surmise that this most likely reflects direct binding, since yeast
cells do not express recognizable Bcl-2 family members. Further-
more, SPPV14 specifically blocks Bax- or Bak-mediated cell death,
since expressing SPPV14 in cells deficient in either of the cell death
mediators Bak or Bax counters apoptosis (Fig. 8A). Furthermore,
when all the endogenous mammalian prosurvival proteins in
MEFs were inactivated (Fig. 8B) by a combination of the Bim
variant Bimg2A, which selectively targets Mcl-1 (43), and the BH3
mimetic compound ABT-737 (to target Bcl-2, Bcl-x;, and Bcl-w
and spare SPPV14 [Table 1]) (58), expression of SPPV14 main-
tained cell viability (Fig. 8C), consistent with the notion that it can
directly inhibit Bax or Bak. This capacity to restrain Bax and Bak is
presumably dependent on how much SPPV14 is sequestered by
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those BH3-only proteins that target it (Fig. 6 and Table 1), since
overexpression of Bim, tBid, and Puma neutralizes the antiapop-
totic effect of SPPV14 (Fig. 6E) in colony-forming assays.

In summary, our studies identified SPPV14 as a novel direct
inhibitor of Bax and Bak. It also has a highly distinctive binding
profile for the proapoptotic Bcl-2 family proteins expressed in
mammals.

DISCUSSION

Apoptosis is a potent defense mechanism deployed by higher or-
ganisms against viruses, and in turn, viruses have evolved an as-
tonishing array of strategies to ensure their successful prolifera-
tion, propagation, and survival (23, 51). Bcl-2-like proteins from
numerous viruses, including structural homologs recently recog-
nized in poxviruses (40, 42), have been shown to be of critical
importance for subverting host apoptotic defenses. Consequently,
loss of viral Bcl-2 proteins often results in apoptosis upon viral
infection, as observed for myxoma virus M11L (59) and vaccinia
virus F1L (63).

[OBim2Aa [l Bim2A+ABT-737
1204 I
1004 J——

80+

-

>

[
]

60+

Colony formation (% control )

SPPV14 - + - + - +

WT Bak™’- Bax”’-

FIG 8 SPPV14 inhibits both Bax and Bak and functionally compensates for endogenous prosurvival Bcl-2. (A) SPPV14 inhibits both Bak- and Bax-mediated
apoptosis. Shown is the viability of SPPV14-expressing Bak- or Bax-deficient MEFs treated for 24 h or 48 h with etoposide (10 mM). (B) Selectivity of BH3-only
proteins for mammalian prosurvival Bcl-2 proteins (9, 58). (C) SPPV14 potently inhibits apoptosis even if all endogenous mammalian prosurvival Bcl-2 proteins
are neutralized. Shown is colony formation of parental or SPPV14-expressing wild-type or Bax- or Bak-deficient MEFs infected with the Mcl-1-selective ligand
Bimg2A (43) and cotreated with ABT-737 (1 wM), a combination that inactivates all endogenous mammalian prosurvival proteins expressed in MEFs (9, 67). The
data in panels A and C represent means and SD from 2 independent experiments using a clone of each genotype.

11508 jvi.asm.org Journal of Virology


http://jvi.asm.org

Here, we report the identification and characterization of a
novel subgroup of vBcl-2 proteins, the founding members being
myxoma virus M11L (25, 40) and vaccinia virus F1L (42, 63). Like
the M11L gene, all the novel genes we identified encode putative
proteins that bear little primary sequence resemblance to mam-
malian prosurvival Bcl-2 proteins. Even though the overall se-
quence similarity to M11L is also low, the critical residues forming
the canonical binding grove in M11L (40) were conserved in all six
proteins, strongly suggesting the presence of an analogous BH3
binding grove in these proteins (Fig. 1 and 2). Despite the presence
of these critical residues, unexpectedly, not all 6 identified M11L
orthologs harbored antiapoptotic activity (Fig. 2D). SPV12 (from
swinepox virus), gp0l1L (from shope fibroma virus), and
DPV084 (from deerpox virus) did not inhibit etoposide-induced
apoptosis when expressed in MEFs. Close inspection of the resi-
dues in the putative binding grooves of all six orthologs suggests
that four residues, M52, T67, L68, and A71, as a group may deter-
mine antiapoptotic activity (see Fig. S in the supplemental ma-
terial). Notably, the only sequence differences between DPV83
and -84 are T25M, A71S, and A101T. With A71 located in the
putative binding grove, it is tempting to speculate that the A71S
substitution is responsible for the observed difference in antiapo-
ptotic activity. Although the finding that not all six identified
MI1L orthologs are antiapoptotic was unexpected, it is well estab-
lished that simple fold conservation in the case of Bcl-2-like pro-
teins is not sufficient for maintaining function. As shown for the
vaccinia virus Bcl-2-like proteins A52 and B14 (26), the presence
of a Bcl-2 fold does not automatically result in an ability to inhibit
Bcl-2-mediated apoptosis. In contrast, both A52 (26) and B14
(10) act on the NF-kB pathway. Similarly, N1L from vaccinia virus
also adopts a Bcl-2 fold (2, 12) and acts on NF-kB (7). Impor-
tantly, N1L was also shown to inhibit Bcl-2-mediated apoptosis
(12), thus displaying dual functionality, which is mediated by two
independent sites on the protein (45). It is possible that the three
M11L orthologs that were inactive in our apoptosis assays act on
NEF-kB; however, this remains to be tested experimentally.

In addition to the structure-based sequence analysis, our de-
tailed characterization of sheeppox virus SPPV14 and the previ-
ously reported deerpox virus DPV022 (4) support the idea that
these viral proteins adopt a Bcl-2-like fold. Like the mammalian
prosurvival proteins and myxoma virus M11L, a number of BH3-
only proteins can bind SPPV14 (Fig. 6 and Table 1). The binding
pattern we observed is unique: Puma can bind and antagonize
SPPV14, but not M11L (Fig. 6). Furthermore, SPPV14 can act to
directly counter the cell death mediators Bax and Bak, when tested
directly (Fig. 7 and 8), in accordance with its ability to bind them
(Fig. 6 and Table 1). Considering the similarities in the BH3 do-
main binding profile and activity against Bax and Bak, the addi-
tional ability of SPPV14 to engage Puma, which is absent in M11L,
is striking. Among the currently characterized Bcl-2-like proteins
from poxviruses, only ORFV125 (65) appears to engage Puma, in
addition to Bim, Bik, Hrk, Noxa, and Bax, whereas with F1L (21,
42), N1L (2, 12), and FWPV039 (3, 5), a Puma interaction is not
observed. Although the importance of the SPPV14-Puma interac-
tion is currently not established, it is tempting to speculate that,
based on the high IC;, of 63 nM, the interaction may be function-
ally relevant.

Functionally, SPPV14 appears to be equipotent to M11L in
apoptosis inhibition (Fig. 2 and 3), despite the observed differ-
ences in BH3 domain binding. In addition to interactions with
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Bcl-2 family members (40, 59), M11L has also been reported to
form part of the mitochondrial permeability transition pore com-
plex (20) and to intersect with death receptor-mediated apoptosis
signaling (59). While it is unclear if SPPV14 also harbors such
additional functionality with respect to the mitochondrial perme-
ability transition pore complex, we did not observe an effect of
either SPPV14 or M11L on Fas ligand-mediated death signaling
(see Fig. S2 in the supplemental material).

In the context of vaccinia virus infection, SPPV14 is able to
replace F1L (Fig. 4 and 5) to prevent apoptosis. F1L has been
shown to have a highly restricted BH3 binding profile and engages
only Bim, Bak, and Bax BH3 domains in biosensor assays (21, 42).
Although an interaction with Bax was detected using recombinant
protein and peptides, no evidence of a similar interaction in the
cellular context has been reported. Functionally, F1L has been
shown to engage Bak (48, 61) and Bim (56) and to replace the
antiapoptotic activity of Mcl-1 (8), although the precise molecular
basis for F1L-mediated apoptosis inhibition remains unclear, with
evidence both for (56) and against (18, 50) a role for Bim being
reported. Although SPPV14 is able to replace F1L in the context of
vaccinia virus, it remains to be established if the mechanism uti-
lized by SPPV14 is similar to the one used by F1L. This is partic-
ularly pertinent when considering three issues: first, SPPV14
and F1L ligand binding profiles are substantially different, and
second, F1L does not appear to inhibit Bax directly, whereas
SPPV14 appears to be M11L-like and to act by neutralizing
both Bax and Bak. Third, SPPV14 expression in our experi-
mental system was driven by the strong synthetic poxviral thy-
midine kinase (17) locus early/late promoter, leading to ex-
pression levels and patterns for SPPV14 that are likely to be
different from those for endogenous F1L.

Taken together and considering that both vaccinia virus F1L
and myxoma virus M11L play key roles for these viruses, we spec-
ulate that SPPV14 performs a similar role in sheeppox virus. Key
sequence regions in the Bcl-2 family that regulate apoptosis are
typically highly conserved. In sheep, Bim harbors two amino acid
substitutions at the periphery of the BH3 domain, whereas the Bax
BH3 domain is fully conserved, suggesting that at least the SPPV14
interactions with Bim and Bax are likely to be relevant in the
context of the sheeppox virus natural host.

By using M11L as bait, we identified a family of novel antiapo-
ptotic factors expressed by poxviruses. Our functional and bio-
physical characterization of sheeppox virus SPPV14 strongly sug-
gested that SPPV14 adopts a Bcl-2 fold in spite of scant sequence
similarity. Interestingly, while SPPV14 seems to play a prominent
role in apoptosis inhibition, it does not impact upon the activity of
NF-kB, unlike certain other vBcl-2 proteins expressed by vaccinia
virus (26). Thus, we anticipate that the detailed characterization of
vBcl-2 proteins, such as SPPV 14, will continue to unravel the pro-
cesses that control essential cellular functions in higher organisms.
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