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Apoptotic cell death forms part of the host defense against virus infection. We tested orf virus, a member of
the poxvirus family, for the ability to inhibit apoptosis and found that orf virus-infected cells were fully
resistant to UV-induced changes in cell morphology, caspase activation, and DNA fragmentation. By using a
library of vaccinia virus-orf virus recombinants, we identified an orf virus gene (ORFV125) whose presence was
linked with the inhibition of apoptosis. The 173-amino-acid predicted protein had no clear homologs in public
databases other than those encoded by other parapoxviruses. However, ORFV125 possessed a distinctive
C-terminal domain which was necessary and sufficient to direct the protein to the mitochondria. We deter-
mined that ORFV125 alone could fully inhibit UV-induced DNA fragmentation, caspase activation, and
cytochrome ¢ release and that its mitochondrial localization was required for its antiapoptotic function. In
contrast, ORFV125 did not prevent UV-induced activation of c-Jun NH,-terminal kinase, an event occurring
upstream of the mitochondria. These features are comparable to the antiapoptotic properties of the mitochon-
drial regulator Bcl-2. Furthermore, bioinformatic analyses revealed sequence and secondary-structure simi-
larities to Bcl-2 family members, including characteristic residues of all four Bcl-2 homology domains.
Consistent with this, the viral protein inhibited the UV-induced activation of the proapoptotic Bcl-2 family
members Bax and Bak. ORFV125 is the first parapoxvirus apoptosis inhibitor to be identified, and we propose

that it is a new antiapoptotic member of the Bcl-2 family.

Apoptosis is a vital process within multicellular organisms
which removes cells that are old, unwanted, or potentially
dangerous. It plays pivotal roles in the development and ho-
meostasis of tissues, as well as in immune responses to patho-
logical signals, including virus infection (25, 28). Two major
apoptotic pathways have been identified that involve either the
binding of “death ligands” to cell surface receptors (extrinsic
pathway) or the activation of mitochondria and endoplasmic
reticulum (ER) by various stress signals (intrinsic pathway).
Both pathways result in the activation of caspases which sub-
sequently cleave a large number of cellular proteins, leading to
cell death.

The mitochondrial pathway is characterized by the perme-
abilization of the outer mitochondrial membrane and the re-
lease of proapoptotic factors such as cytochrome ¢ from the
intermembrane space into the cytoplasm. The mechanism by
which these proapoptotic factors are released is still contro-
versial (8, 15, 16). Mitochondrial integrity is regulated by mem-
bers of the Bcl-2 family of proteins (3, 53). Proapoptotic Bcl-2
family members most likely interact with the mitochondrial
membrane to induce the release of proteins into the cytoplasm,
whereas antiapoptotic members inhibit the activity of their
proapoptotic counterparts.

The Bcl-2 family members are a-helical proteins with seven
to nine helices, and their defining characteristic is the presence
of at least one of four regions of sequence homology referred
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to as Bcl-2 homology (BH) domains. While antiapoptotic
members such as Bcl-2, Bel-x; , or Bel-w have all four domains,
proapoptotic proteins share either the first three BH domains
(Bax, Bak, and Bok) or only the BH3 domain (e.g., Bad, Bim,
Bik, or Bid). A prominent hydrophobic groove, which is
formed by the BH1, BH2, and BH3 domains, is present on the
surface of antiapoptotic and Bax-like proapoptotic Bcl-2 pro-
teins and serves as a binding site for the a-helical BH3 domain
of proapoptotic family members (39). Structural analysis and
mutagenesis studies of conserved residues within the BH do-
mains and the hydrophobic groove reveal that these domains
are important not only for the formation of hetero- and ho-
mocomplexes but also for the pro- or antiapoptotic function of
Bcl-2 family members (17, 39). In addition to the BH domains,
most family members exhibit a C-terminal targeting motif
which is responsible for directing the proteins to intracellular
membranes, including the mitochondrial, nuclear, and ER
membranes (44).

Apoptosis plays important roles in host defenses against
virus infection. Infected cells may recognize virus particles at
cell entry, viral proteins and DNA/RNA during early viral
replication, or virus-induced alterations to cellular physiology
and, in response, execute the cell suicide program in order to
block virus replication (11). It is therefore not surprising that
viruses have developed a vast array of modulators that block
apoptosis at different stages within the apoptotic pathways, for
instance, caspase inhibitors, environmental stress response in-
hibitors, proteins that interfere with the death receptor path-
way or the interferon pathway, and mitochondrial modulators
(11, 12). The latter group includes viral Bcl-2 homologs, which
have been identified in adenoviruses, herpesviruses, and pox-
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viruses. The sequence identity of cellular and viral Bcl-2 pro-
teins is low, but the secondary and tertiary structures are con-
served. Viral Bcl-2 proteins are a-helical proteins with a
conserved BH1 domain and at least one other BH domain,
either a BH2 or a BH3 domain, while most of them lack the
BH4 domain (6, 20). Two viral Bcl-2 homologs have been
described within the poxvirus family, FWPV039 from fowlpox
virus and its ortholog CNPV058 from canarypox virus (1, 49).
However, a functional analysis of these genes has not been
reported. The poxvirus family encodes additional mitochondrion-
localized antiapoptotic proteins which have not been re-
garded as Bcl-2 family members, M11L from myxoma virus
(10) and FIL from vaccinia virus (VACV) (52).

Orf virus (ORFV) is a member of the poxvirus family be-
longing to the Parapoxvirus genus. It causes a highly conta-
gious, eruptive skin disease in sheep and goat populations, can
be transmitted to humans, and is able to reinfect hosts that
have been previously infected (14). Its 140-kb linear, double-
stranded DNA genome consists of a central core which is
highly conserved among vertebrate poxviruses and includes
information essential for replication within the host cell and
more variable outer regions that encode functions often not
required for replication in vitro but which play important roles
during infection in vivo. Interestingly, the outer regions of the
ORFV genome differ substantially from those of other poxvi-
ruses. The 25-kb right terminal region of the ORFV genome
contains a number of unique parapoxvirus genes, including an
interleukin-10 gene, a granulocyte-macrophage colony-stimu-
lating factor binding protein gene, a chemokine-binding pro-
tein gene, and a vascular endothelial growth factor gene (14,
34). In addition, ORFV and the other parapoxviruses lack
obvious counterparts of the antiapoptotic factors seen in other
poxviruses, apart from a homolog of VACV E3L (33), a dou-
ble-stranded-RNA-binding protein present in many poxvi-
ruses.

In this report, we show that ORFV expresses antiapoptotic
activity and identify the gene responsible (ORFV125). The
encoded protein localizes to and functions at the mitochondria
to fully block downstream apoptotic events. Furthermore, it
not only acts in a similar manner but also shares key sequence
elements with members of the Bcl-2 family, suggesting that
ORFV125 is a Bcl-2-like protein.

MATERIALS AND METHODS

Cells. 143B cells and derivatives were grown in Eagle minimal essential me-
dium (Sigma catalog no. M0769), while HeLa cells were cultured in Dulbecco’s
modified Eagle medium (Sigma catalog no. 058). All media were supplemented
with 10% fetal bovine serum (GIBCO), 2 mM L-glutamine, 500 U/ml penicillin,
500 pg/ml streptomycin, and 100 pg/ml kanamycin (Roche). For construction of
stable cell lines expressing Bcl-2, ORFV125, or the empty vector, 2 X 10° 143B
cells were transfected with 4 pg of plasmid DNA (pEF_FLAG-Bcl-2PGKpuro,
pEF_FLAG-ORFV125PGKpuro, or pEF_FLAGPGKpuro) by using Lipofectin
(Invitrogen Life Technologies) according to the manufacturer’s protocol. To
select for cells carrying the constructs, 0.5 pg/ml puromycin was added 24 h after
transfection. Single clones were isolated by limiting dilution, and their identities
were confirmed by sequence analysis of the inserted DNA and expression of the
FLAG-tagged proteins.

Wild-type and recombinant viruses. ORFV strain NZ2 (41), VACV strain
Lister (42), and VACV strain MVA (2) were used in this study. The construction
and characterization of a library of VACV-ORFV recombinants (VVOV216,
-80, -213, -97, -96, -212, -245, -86, -243, -283, -330, -85, and -82; see Fig. 2A) were
previously described (35). In this study, three additional recombinants
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(VVOV214, -630, and -629; see Fig. 2C) were constructed in the same manner
(35), with plasmids pVU214, pVU630, and pVU629, respectively.

Plasmid construction. (i) Plasmids for creating VACV-ORFV recombinants.
For the construction of pVU214, the Kpnl K fragment (35) of the ORFV
genome was inserted into the transfer vector pUVI (13). pVU630 was created by
cloning the ORFV Kpnl E fragment (35) into pVU433, a derivate of pUVI from
which the P11 transcriptional promoter sequence has been removed. A linker
created by annealing two partially complementary oligonucleotides, 5'EcoRI-A
ATTCGAACCCCTTCG and 5'HindlIIl-AGCTCGAAGGGGTTCG, was li-
gated with EcoRI-digested pUVI, and the mixture was then digested with
HindIII. The two larger products (3.7 and 4.3 kb) were purified and ligated. A
clone in which the relative orientation of these two fragments was the same as in
pUVI was recovered and named pVU433. pVU629 was generated by inserting a
729-bp PCR product containing the ORFV125 open reading frame and its own
promoter region into the EcoRI and BamHI sites of pVU433. The PCR product
was amplified from ORFV NZ2 DNA with primers 5'EcoRI-CGAATTCCGA
GGAAGAAGAGGAGGAA and 5'BamHI-CGGGATCCAATGTCGTATTTC
AGTTTGA.

(i) GFP fusion constructs. The ORFV125 coding region was amplified from
ORFV NZ2 DNA with primers 5'BglII-CGAGATCTATGGCAAACAGAGA
AGAG and 5'BamHI-TAGGATCCTTATGTGCGCCGCAACAC. The PCR
product was cleaved with BgIII/BamHI and cloned into BgIII/BamHI-digested
phrGFPNI1(Stratagene) to create phrGFPN1-ORFV125wt. With this plasmid as
a PCR template, we generated phrGFPN1-ORFV125Ats (primers 5'BglII-CGA
GATCTATGGCAAACAGAGAAGAG and 5'HindIII-CGAAGCTTTTACAC
GCGCGCGACGGC) and phrGFPN1-ORFV125ts (primers 5'BglII- ATAGAT
CTCGGCGCCGCCTGCACC and 5'HindlII-CGAAGCTTTTATGTGCGCC
GCAACAC). To achieve brighter green fluorescent protein (GFP) fluorescence,
these three open reading frames were then subcloned into pEGFP-C1 (BD
Bioscience Clontech) with BspEI and BamHI to create pPEGFPC1-ORFV125wt,
pEGFPC1-ORFV125Ats, and pPEGFPC1-ORFV125ts.

For construction of phrGFPN1-Bcl-w, the Bcl-w coding region was amplified
from pGEX-6P-3-Bcl-w with primers 5'BglII-GCCAGATCTATGGCGACCCC
AGCCTCG and 5'EcoRI-GGGAATTCACTTGCTAGCAAAAAAGGC and
cloned into phrGFPNI to create a GFP-Bcl-w fusion protein. The Bel-w ORF
was subcloned into pEGFP-C1 with BspEI and EcoRI to create pEGFPCI1-
Bel-w. The Bcl-2 coding region was amplified from pEF_Bcl-2PGKpuro (23)
with 5'BspEI-GGTCCGGAATGGCGCACGCTGGGAGAACAG and 5'EcoR
I-CCGAATTCTCACTTGTGGCCCAGATAGGC and directly cloned into
pEGFP-CI1 to create pEGFPC1-Bcl-2.

(iii) Plasmids for creating stable cell lines. The three constructs pEF_FLAG-
ORFV125PGKpuro, pEF_FLAG-Bcl-2PGKpuro, and pEF_FLAGPGKpuro
were produced by replacing the resident Bcl-2 gene in pEF_Bcl-2PGKpuro (23)
with FLAG-tagged cDNAs of ORFV125 and Bcl-2 or a FLAG element, respec-
tively. The FLAG-tagged Bcl-2 coding region was inserted as a PCR product
which had been amplified from pEF_Bcl-2PGKpuro with 5'BglII-GGAGATCT
ATGGACTACAAGGACGACGATGACAAGATGGCGCACGCTGGGAGA
ACAG and 5'Xbal-CCTCTAGACTCACTTGTGGCCCAGATAGGC. The
FLAG-tagged ORFV125 coding region was amplified from pEGFPCI-
ORFV125wt with primers 5'BglII-GGAGATCTATGGACTACAAGGACGAC
GATGACAAGATGGCAAACAGAGAAGAGATTG and 5'Xbal-CCTCTAG
ATTATGTGCGCCGCAACACGC and digested with Bglll and Xbal. The
eight-codon-long FLAG element flanked by BglII and Xbal sites was created
from two partially complementary oligonucleotides (5'-GATCCATGGACTAC
AAGGACGACGATGACAAGTAAT and 5'-CTAGATTACTTGTCATCGTC
GTCCTTGTAGTCCATG).

Confocal and fluorescence microscopy. HeLa cells were grown in six-well
plates on coverslips and transfected with 1 pg DNA/10° cells with Lipofectin
(Invitrogen Life Technologies) according to the manufacturer’s protocol. Twenty-
four hours later, the cells were stained with 50 nM Mitotracker Red CMXRos
(Molecular Probes) for 30 min at 37°C and analyzed with an LSMS510 laser
scanning confocal microscope. GFP and Mitotracker fluorescence was excited
with wavelengths of 543 and 489 nm, respectively.

For the detection of active Bax or Bak, 143B stable cell lines were fixed with
4% paraformaldehyde, permeabilized with 0.1% 3-[(3-cholamidopropyl)-di-
methylammonio]-1-propanesulfonate (CHAPS), and blocked in phosphate-buff-
ered saline (PBS) containing 20% fetal bovine serum. Cells were then incubated
with antibodies specific for an N-terminal epitope of either Bax (1:250, 6A7; BD
PharMingen catalog no. 556467) or Bak (1:250, TC-100; Calbiochem catalog no.
AMO03), and bound antibody was detected with anti-mouse Alexa Fluor 488
(1:100; Molecular Probes). After mounting in SlowFade (Molecular Probes), the
cells were examined with an Olympus BX51 fluorescence microscope. The anti-
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Bax and anti-Bak antibodies recognize epitopes that only become exposed when
Bax or Bak is activated.

Induction of apoptosis. Cells were UV irradiated by inverting a drained 35-mm
dish onto a transilluminator and exposing the cells for 4 s to 20 W/m? (80 J/m?)
UVC light (260 nm). Medium was added, and the cells were incubated for
various times at 37°C.

Detection of DNA fragmentation. To visualize DNA laddering, UV-irradiated
cells were harvested by a protocol described previously (32). Briefly, floating and
adherent cells were lysed with 200 pl Cartier’s buffer (10 mM EDTA; 10 mM
Tris-HCI, pH 7.5; 0.2% Triton X-100) (5) for 20 min at room temperature and
extracted once with 1 volume phenol and twice with 1 volume chloroform-
isoamyl alcohol. DNA was ethanol precipitated and resuspended in 20 ul H,O
(plus 100 pg/ml RNase) before electrophoresis on a 1% agarose gel.

For analyzing the DNA content of cells by flow cytometry, cells were harvested
as previously described (9). Briefly, floating and adherent cells were collected
and resuspended in fluorescence-activated cell sorter buffer (0.1% glucose in
PBS). One million cells were processed for each analysis. GFP-transfected cells
were fixed with 1% formaldehyde solution (in PBS) on ice for 1 h and washed
twice with ice-cold PBS before permeabilization with 70% ethanol overnight at
4°C. Virus-infected cells and stable cell lines were fixed and permeabilized in
70% ethanol without prior treatment. After fixation, cells were resuspended in
staining solution (50 pg/ml propidium iodide [PI] and 100 U/ml RNase in PBS),
incubated at room temperature for at least 30 min, and analyzed within 3 h with
a Becton Dickinson FACScalibur. After exclusion of doublets and cell aggre-
gates, the PI intensities of 10,000 single PI-positive cells in non-GFP experiments
or at least 2,000 single PI- and GFP-positive cells in GFP experiments were
displayed in an FL2 area histogram. To ensure that any apparent functional
differences between the GFP constructs did not result from differences in ex-
pression levels, we restricted our analysis to populations with similar GFP ex-
pression levels (geometric mean fluorescence intensities). The percentage of
cells located in the sub-Gy/G, peak (hypodiploid cells) was quantified with the
CellQuest Pro analysis program from BD Bioscience (version 5.2).

Measurement of caspase activity. 143B cells were tested for caspase activity as
described in reference 24. Briefly, 2.5 X 10° cells were washed with PBS and the
cell pellet was snap-frozen in liquid nitrogen and quickly thawed in 100 wl 37°C
prewarmed buffer containing 100 mM HEPES, 10% (wt/vol) sucrose, 5 mM
dithiothreitol, and 0.1% CHAPS (pH 7.25) and supplemented with a 25 uM
concentration of the caspase substrate Ac-DEVD-AMC (Calbiochem). The flu-
orescent product aminomethylcoumarin (AMC) was quantified with a Polarstar
optima fluorescent plate reader (BMG Labtechnologies; excitation and emission
wavelengths, 390 and 460 nm, respectively) at 37°C. The caspase activity of the
total sample, in picomoles per minute, was calculated by using an AMC standard
curve.

In vitro caspase activation assay. Cytosolic extracts (S-100) were prepared by
a method similar to that described in reference 31. Briefly, 8 X 107 143B cells/ml,
resuspended in buffer containing 20 mM HEPES (pH 7.5), 10 mM KCl, 1.5 mM
MgCl,, 1 mM EGTA, 1 mM EDTA, 1 mM dithiothreitol, and a protease inhib-
itor cocktail (complete, mini, EDTA free; Roche), were lysed by repeated pas-
sage through a 26-gauge needle. Nuclei were removed by centrifugation (10 min
at 1,000 X g and 4°C). The supernatant was further centrifuged for 1 h at 100,000 X
g and 4°C to obtain the cytosolic extract (S-100). The total protein amount was
measured with the bicinchoninic acid assay (Pierce). For the assay of caspase
activation (19), 150 pg S-100 was incubated in caspase buffer (see above) in the
presence of 1 mM dATP, 50 puM Ac-DEVD-AMC, and various concentrations of
cytochrome c. The fluorescent product AMC was quantified as described above.

Cytochrome ¢ release assay. 143B cells were fractionated into cytosolic and
mitochondrial fractions as described elsewhere (24). To achieve this, the pellet of
5 X 10° cells was resuspended in 30 pl ice-cold STE buffer (0.25 M sucrose, 5
mM Tris, 1 mM EGTA, pH 7.4) containing a protease inhibitor cocktail (com-
plete, mini, EDTA free; Roche) and 7.5 pg digitonin (BDH; 30 pg digitonin/mg
protein). After a 10-min incubation step on ice, samples were centrifuged for 10
min at 13,000 X g and 4°C. The supernatant was retained as the cytosolic
fraction, while the pellet was treated with 30 wl PBS supplemented with 0.5%
Triton X-100 for 5 min on ice. The samples were then centrifuged for 10 min at
13,000 X g at 4°C, and the supernatant, representing the mitochondrial fraction,
was retained. One-third of each sample was examined for cytochrome ¢ by
immunoblotting with a mouse anti-cytochrome ¢ antibody (clone 7H8.2C12;
Pharmingen) and an anti-mouse horseradish peroxidase (HRP)-conjugated an-
tibody (Bio-Rad).

Measurement of c-Jun NH,-terminal kinase (JNK) activation. 143B cells (4 X
10°) were seeded in 35-mm dishes. At different time points after UV treatment
(see above), cells were lysed in 100 wl sodium dodecyl sulfate sample buffer (62.5
mM Tris-HCl, pH 6.8; 2% sodium dodecyl sulfate; 10% glycerol; 0.01% bromo-
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phenol blue; 10% B-mercaptoethanol) at 95°C for 5 min and centrifuged for 1
min. Twenty microliters of each supernatant was analyzed by immunoblotting
with rabbit phospho-SAPK-JNK and an anti-rabbit, HRP-conjugated secondary
antibody (both from Cell Signaling). Total JNK was detected with a mouse
anti-JNK1/JNK2 antibody (BD Pharmingen) and an anti-mouse HRP-conju-
gated secondary antibody (Bio-Rad).

Bioinformatic analysis. Protein comparisons were conducted with the BLAST
suite of programs (http://www.ncbi.nlm.nih.gov/BLAST/) and the HHpred pro-
gram (http://toolkit.tuebingen.mpg.de/sections/search#). The TMHMM pro-
gram was used to predict transmembrane (TM) domains (http://www.cbs.dtu.dk
/servicessy TMHMMY/), and the Jpred web server was used for prediction of
secondary structures (http://www.compbio.dundee.ac.uk/~www-jpred/). Multiple
sequence alignments were performed with ClustalW (http://www.ebi.ac.uk
[clustalw/) and adjusted manually according to known structures.

Statistical analysis. A one-way analysis of variance with a Tukey-Kramer
multiple-comparison test was performed with GraphPad InStat version 3.0a for
Macintosh (www.graphpad.com).

RESULTS

ORFY infection inhibits apoptosis. In order to test if ORFV
could inhibit the induction of apoptosis, HeLa cells were in-
fected with ORFV, UV irradiated 7 h later, and examined after
a further 14 h. Many of the uninfected, UV-irradiated cells
showed pronounced membrane blebbing consistent with apop-
tosis (Fig. 1A). In contrast, ORFV-infected cells displayed cell
rounding typical of the cytopathic effects of infection but
showed markedly less evidence of an apoptotic response to UV
irradiation. Similarly, 143B cells infected with ORFV showed
no induction of caspase activity when UV irradiated, whereas
a substantial increase in caspase activity was seen in irradiated,
uninfected cells (Fig. 1B). The ability of ORFV to inhibit
apoptosis was next compared with that of VACV. DNA lad-
dering is a classic indicator of apoptosis and was clearly evident
in lysates of 143B cells treated with UV, but cells infected with
ORFYV were resistant to this apoptotic stimulus (Fig. 1C). In
contrast, VACV appeared not to inhibit DNA fragmentation.
This was surprising since VACV encodes characterized inhib-
itors of apoptosis, including one demonstrated to inhibit UV-
induced apoptosis (4). To investigate this difference, a more
quantitative analysis of the DNA fragmentation response was
undertaken by flow cytometry analysis of permeabilized, PI-
stained cells. This analysis showed that the number of ORFV-
infected cells with a DNA content of less than 2n (apoptotic
cells) did not increase in response to UV irradiation (Fig. 1D),
whereas with uninfected cells the apoptotic population in-
creased from a background level of 2% to 44%. The response
of VACV-infected cells was intermediate (18%), consistent
with a significant but partial inhibition of UV-induced apop-
tosis. ORFV also prevented UV-induced apoptosis in a range
of other cells, including primary lamb testis cells, in which
ORFV completes productive replication. In addition, ORFV
infection significantly inhibited apoptosis induced by stauro-
sporine, actinomycin D, and a combination of tumor necrosis
factor and cycloheximide (results not shown).

Screening for the ORFV antiapoptotic gene. Initially we found
that UV-inactivated ORFV retained the full inhibitory activity of
viable virus, suggesting that the ORFV gene(s) responsible was
expressed prior to DNA replication. In order to locate the ORFV
gene(s), we took advantage of VACV’s partial inhibition of UV-
induced apoptosis and screened VACV-ORFV recombinants to
identify an ORFV gene(s) that might bestow full inhibition on
VACV. Cells were infected with 13 VACV recombinants, each
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FIG. 2. Use of VACV-ORFYV recombinants to map an ORFV inhib-
itor of UV-induced apoptosis. (A) The ORFV Kpnl map is shown at the
bottom, and the bars above indicate the locations of DNA fragments that
were recombined into the VACV genome to create the VVOV recom-
binant library. (B) 143B cells were mock infected (PBS) or infected, at a
multiplicity of infection of 4, with ORFYV or the indicated VACV recom-
binants and treated with UV 7 h later. After 12 h, the samples were
analyzed for caspase activity. The VACV recombinant pUVI is a control
virus carrying no ORFV DNA (35). (C) An expanded view of the right
end of the ORFV Kpnl map with lines above showing the relative loca-
tions of the DNA fragments used to generate VVOV82, -214, 630, and
-629. (D) Caspase activities in UV-irradiated 143B cells infected with the
indicated VACV recombinants and prepared as described for panel B.

containing a defined fragment of the ORFV genome, and all of
them together represented >95% of the genome in overlapping
fragments (Fig. 2A) (35). Infected cells were UV irradiated and
12 h later assayed for caspase activity.

FIG. 1. ORFV inhibits UV-induced apoptosis. Cells were mock in-
fected (PBS) or infected with ORFV or VACYV, either strain MVA (C) or
Lister (D), at a multiplicity of infection of 4 and UV irradiated (+UV) 7h
later. Cells not irradiated are indicated by —UV. (A) At 14 h after UV
treatment, HeLa cells were examined with an inverted microscope (Olym-
pus; Zeiss) equipped with (20X) Hoffmann modulation contrast optics.
(B) Caspase activity in 143B cell lysates prepared 12 h after UV treat-
ment. (C) DNA laddering was visualized by agarose gel electrophoresis of
143B cell lysates prepared 17 h after UV treatment. (D) At 17 h after UV
irradiation, the DNA content of permeabilized, PI-stained 143B cells was
analyzed by flow cytometry. The percentage of hypodiploid (apoptotic)
cells in each population is indicated on each histogram.
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FIG. 3. The mitochondrion-targeting motif of ORFV125 is neces-
sary and sufficient to direct the protein to the mitochondria. (A) Com-
parison of the C-terminal region of ORFV125 with the consensus
mitochondrion-targeting motif of tail-anchored proteins (26). The hy-
drophobic amino acids (aa) constituting the TM domain are boxed.
The TM domain is flanked by positively charged amino acids, which
are shown as B in the consensus sequence and are in bold in
ORFV125. In the consensus sequence, x stands for any amino acid.
(B) Schematic representations of GFP fusion constructs. ORFV125wt
consists of the full-length 173-amino-acid protein. ORFV125Ats lacks
the last 33 amino acids of the protein, which contain the TM domain
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The results, representative of three independent experi-
ments, are shown in Fig. 2B. Only 1 of the 13 recombinants,
VVOVS2, showed the same inhibitory activity as ORFV. The
VVOVS82 recombinant genome includes a 13.7-kb fragment of
ORFYV DNA that encodes 10 genes (ORFV124 to ORFV134)
(34). We tested VACV recombinants carrying smaller frag-
ments from this particular region (Fig. 2C and D). Recombi-
nant VVOV630, carrying the 10.3-kb Kpnl E fragment, had no
inhibitory activity, whereas VVOV214, containing the adjacent
3.8-kb Kpnl K fragment, was fully inhibitory. We further dem-
onstrated that a VACV recombinant (VVOV629) carrying
only a single gene from the Kpnl K fragment (ORFV125) had
the same inhibitory activities as ORFV, VVOVS82, and
VVOV214 (Fig. 2C and D).

The ORFV protein ORFV125 exhibits a mitochondrion-tar-
geting sequence that directs the protein to the mitochondria.
ORFV125 is flanked by transcriptional motifs typical of poxvi-
rus early genes and is predicted to encode a 173-amino-acid,
19-kDa protein (34). Comparisons of the ORFV125 peptide
sequence with public databases did not reveal any homologous
proteins other than orthologs from other parapoxviruses. How-
ever, sequence analysis revealed a putative mitochondrion-
targeting sequence in the C-terminal region, consisting of a
predicted TM domain flanked by positively charged amino
acids (Fig. 3A). This motif is conserved within tail-anchored
proteins such as TOM-5 and TOM-20, as well as members of
the Bcl-2 family (22, 26). To determine if the targeting motif
directed ORFV125 to the mitochondria, we created an N-
terminal GFP fusion protein (ORFV125wt) and visualized its
subcellular localization by confocal microscopy. HeLa cells
transfected with the GFP-only expression vector showed a uni-
form green fluorescence signal throughout the cytoplasm (Fig.
3C, a), while ORFV125wt-transfected cells revealed a punctate
fluorescence around the nucleus (Fig. 3C, d) that coincided
with the fluorescent signal of the mitochondrial dye Mito-
tracker Red (Fig. 3C, e and f). In addition to the full-length
construct, we generated a C-terminally truncated protein
lacking the putative mitochondrion-targeting sequence
(ORFV125Ats) and a construct with only the 30-amino-acid
C-terminal targeting motif of ORFV125 fused to GFP
(ORFV125ts) (Fig. 3B). The latter construct displayed the
same staining pattern as the full-length protein (Fig. 3C, g to i),
while the construct lacking the targeting sequence showed a
cytoplasmic localization similar to that of GFP only (Fig. 3C, j
to 1). A further GFP fusion construct (ORFV125AAA) in
which the three positively charged amino acids (arginines)
downstream of the ORFV125 TM domain were replaced with
neutral amino acids (alanines) was observed at mitochondrial
and other intracellular membranes (Fig. 3C, m to o).

We compared the subcellular localization of ORFV125 with

flanked by the positively charged amino acids. The ORFV125ts con-
struct possesses only the C-terminal 30 amino acids of the viral protein
fused to GFP. In ORFV125AAA, the three arginines downstream of
the TM domain were changed to alanines. (C) HeLa cells were tran-
siently transfected with the indicated GFP fusion plasmids and visual-
ized by confocal microscopy 24 h later. Mitochondria were labeled with
Mitotracker.
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FIG. 4. ORFV125 inhibits UV-induced apoptosis in the absence of
virus infection. (A) Stable 143B cell lines expressing ORFV125, Bcl-2,
or the empty vector were UV irradiated. After 17 h, the DNA content
of permeabilized, PI-stained cells was analyzed by flow cytometry and
the percentage of hypodiploid (apoptotic) cells in each population was
calculated. (B) Caspase activity in the indicated cell lines was quanti-
fied 7 h after UV treatment. The data shown in panels A and B are
averages of three independent experiments with standard deviations
indicated. UV-irradiated samples that showed significantly (P < 0.001)
less apoptosis or caspase activity than the UV-irradiated wild-type cell
line are indicated by asterisks.

that of Bcl-2 and Bcel-w. The green fluorescence of the Bcl-2
fusion protein was visible at the mitochondria, as well as other
intracellular membranes (Fig. 3C, p to r), presumably the ER
and nuclear membranes, as described by others (18). Bcl-w was
localized at the mitochondria but also in the cytoplasm (Fig.
3C, s to u), probably reflecting its overexpression and its loose
attachment to the mitochondria (54).

These results show that the mitochondrion-targeting motif
of ORFV125 is necessary and sufficient to direct the protein
exclusively to the mitochondria and that the basic amino acids
downstream of the TM domain contribute to its mitochondrion-
specific localization.

ORFV125 prevents UV-induced apoptosis. To assess the
ability of ORFV125 to inhibit apoptosis, we created 143B cell
lines stably expressing ORFV125, Bcl-2, or the empty vector.
The DNA content of these cell lines was examined by flow
cytometry 17 h after UV irradiation. As shown in Fig. 4A, the
wild-type and empty-vector cell lines were susceptible to UV-
induced apoptosis but cells expressing ORFV125 or Bcl-2 were
fully resistant to UV-induced DNA fragmentation. There was
no significant difference in the abilities of ORFV125 and Bcl-2
to inhibit UV-induced apoptosis.

As a further test of the antiapoptotic activity of ORFV125,
we examined caspase activation in these cell lines. Cells ex-
pressing either ORFV125 or Bcl-2 were resistant to UV-in-
duced caspase activation, while the wild-type and empty-vector
cell lines showed high levels of caspase activity (Fig. 4B).
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FIG. 5. The mitochondrial localization of ORFV125 is necessary
for its antiapoptotic function. 143B cells were mock transfected (PBS)
or transfected with the indicated GFP fusion constructs and UV irra-
diated either 30 h (A and C) or 12 h (B) later. After a further 17 h (A
and C) or 12 h (B), the DNA content of permeabilized, PI-stained cells
was examined by flow cytometry. The shortened time between trans-
fection and harvesting in panel B was used to avoid degradation of the
ORFV125Ats construct within the cell. The percentage of hypodiploid
(apoptotic) cells in each population was calculated. The data presented
are averages of three independent experiments with standard devia-
tions indicated. Asterisks indicate UV-irradiated samples in which the
apoptotic population is significantly reduced (A, P < 0.05 for
ORFV125wt and P < 0.01 for Bcl-w and Bcel-2; B, P < 0.05; C, P <
0.001 for ORFV125wt and P < 0.01 for ORFV125AAA) compared
with the corresponding UV-irradiated mock-transfected (A and B) or
ORFV125ts-transfected (C) sample.

Taken together, these results show that ORFV125, without
the participation of additional ORFV proteins, can fully inhibit
UV-induced DNA fragmentation and caspase activation. Fur-
thermore, its activity is comparable to that of the cellular
antiapoptotic protein Bcl-2.

The mitochondrial localization of ORFV12S5 correlates with
apoptosis inhibition. To determine the significance of
ORFV125’s mitochondrial targeting in its ability to inhibit
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FIG. 6. ORFV125 inhibits cytochrome ¢ release, but not JNK phosphorylation, following UV treatment. Stable 143B cell lines expressing
ORFV125, Bcl-2, or the empty vector were either mock treated (—UV) or UV irradiated. (A) Cells were fractionated into cytosolic and
mitochondrial fractions after 4, 6, or 8 h. Release of cytochrome ¢ from the mitochondria into the cytosol was determined by Western blot analysis
with an anti-cytochrome ¢ antibody. This blot is representative of three independent experiments. (B) Cell lysates were prepared after the indicated
times. Cells harvested at 0 min were collected immediately after UV exposure. Immunoblot analysis was performed to compare the levels of two
isozymes of phosphorylated JNK (p46-JNK1 and p54-JNK2) with total JNK. The latter also served as a loading control.

apoptosis, we examined the abilities of the GFP fusion con-
structs to prevent UV-induced DNA fragmentation (Fig. 5).
Approximately 20 to 30% of the cells either mock transfected
(PBS) or transfected with the GFP-only control underwent
apoptosis, whereas only 3 to 10% of the cells transfected with
the ORFV125wt construct were apoptotic (Fig. SA and B).
Moreover, this level of protection against UV-induced DNA
fragmentation was the same as that afforded by the antiapop-
totic proteins Bcl-2 and Bcl-w (Fig. 5A). We determined that
neither ORFV125 mutant ORFV125ts nor ORFV125Ats was
able to prevent apoptosis (Fig. 5A and B), indicating that the
mitochondrion-targeting motif is not in itself sufficient to pre-
vent apoptosis and that mitochondrial localization is essential
for the protein’s function. In support of this last conclusion, we
observed that ORFV125AAA, which is only partly localized at
the mitochondria, had intermediate antiapoptotic abilities that
were less potent than those of ORFV125wt but significantly
greater than those of the noninhibitory ORFV125ts mutant
(Fig. 5C).

ORFV125 acts at the mitochondria to inhibit downstream
events but has no function upstream of the mitochondria. As
a direct measurement of the mitochondrial apoptotic pathway,
we tested the 143B stable cell lines for UV-induced release of
cytochrome ¢ from the mitochondria (Fig. 6A). Four hours
after UV treatment, some cytochrome ¢ was detected in the
cytoplasm of the empty-vector cell line, with greater amounts
detected at 6 and 8 h after UV treatment. Within this time
frame, UV irradiation did not cause cytochrome ¢ release in
cells expressing ORFV125 or Bcl-2. We also tested the stable
cell lines for the ability to prevent phosphorylation of JNK. It
has been shown that JNK is activated in response to UV
irradiation and that it, in turn, activates Bcl-2 family members
(29), which makes it a useful marker of apoptotic responses
upstream of mitochondria. Activated JNK was detected in the
empty-vector cell line as early as 10 min after UV treatment.
Similar results were obtained with the ORFV125 and Bcl-2 cell
lines, indicating that neither ORFV125 nor Bcl-2 substantially
blocks the phosphorylation of JNK in response to UV treat-
ment (Fig. 6B).

We also examined the possibility that ORFV might express
additional factors able to prevent apoptosis downstream of the
release of cytochrome c. Cytosolic extracts of ORFV-infected
cells were supplemented with different amounts of cytochrome
¢, and the activation of caspases was then determined (Fig. 7).
Mock-infected (PBS-treated) cells showed a dose-dependent
increase in caspase activity in response to cytochrome c. The
same result was obtained with ORFV-infected cells, suggesting
that no ORFV protein within the cytosol can inhibit caspase
activation induced by cytosolic cytochrome c.

ORFV125 is a Bcl-2-like protein. In light of our findings that
ORFV125 appears to act in a Bcl-2-like manner, we looked for
any evidence of sequence similarities to Bcl-2 family members.
Standard BLAST analysis failed to detect homologies between
ORFV125 and these proteins (data not shown). However, in
addition to its C-terminal, mitochondrion-targeting motif,
ORFV125 shares similarities in size and a predicted compact
globular structure with Bcl-2 family members. A ClustalW
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FIG. 7. ORFV does not express a cytosolic protein able to inhibit
caspase activation induced by cytosolic cytochrome ¢ (cyt ¢). 143B cells
were mock infected (PBS) or infected with ORFV NZ2 (ORFV) at a
multiplicity of infection of 5 for 14 h. Cytosolic extracts were prepared
and treated with 0, 50, or 100 nM cytochrome ¢ and 1 mM dATP.
Activation of caspases was measured in triplicate over 120 min, and the
average maximum (max.) rate of AMC production was determined
(standard deviations are indicated). The results shown are represen-
tative of three independent experiments.
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FIG. 8. Sequence and predicted secondary-structure similarities between ORFV125 and Bcl-2 family members. Amino acid sequence align-
ment of ORFV125 with three antiapoptotic Bcl-2 family members, Bcl-x;, Bcl-2, and Bcl-w. BH domains of Bcl-x; are shown as colored boxes,
and the TM domain is shown as a gray box. Positions of the Bcl-x; a-helices (a1 to -6, -6', and -7) (Jpred) are represented as black chains above
the alignment, while the predicted a-helices for ORFV125 (pal to -7) are plotted below the alignment in blue. Amino acids conserved in all four
sequences are marked with black boxes showing amino acids identical to ORFV125 and gray boxes indicating conserved substitutions (according

to ClustalW).

alignment of ORFV125 and three antiapoptotic members of
the Bcl-2 family whose solution structures have been resolved,
i.e., Bel-2 (37), Bel-x; (36), and Bel-w (21), was conducted to
investigate further similarities among these proteins (Fig. 8).
This revealed that ORFV125 possesses recognizable BH1 and
BH3 sequence motifs and provided some evidence of con-
served residues of a BH4 domain and a partial BH2 domain.
Furthermore, with secondary-structure prediction programs,
we identified seven a-helices in ORFV125 at locations similar
to those of the eight a-helices of Bcl-x;, which was used as a
representative of the Bcl-2 family (Fig. 8). These observations
suggest that ORFV125 might adopt a similar three-dimen-
sional structure. Consistent with that possibility, we found that
the HHpred program (45), which compares proteins on the
basis of secondary-structure similarities, identified Mcl-1, Bcl-
xp, Bcl-2, and Bcel-w as the first four hits.

One function of antiapoptotic Bcl-2 family members is to pre-
vent the activation of the proapoptotic mediators Bax and Bak
upon an apoptotic stimulus. Their activation is initiated by a
conformational change which is characterized by exposure of the
N terminus and can be detected with antibodies specifically rec-
ognizing this N-terminal epitope (8). To determine whether
ORFV125 inhibits apoptosis in a Bel-2-like manner, we examined
the activation of Bax and Bak in UV-treated 143B stable cell lines
(Fig. 9). While 30% of the cells in the empty-vector control con-
tained active Bax or Bak, cells expressing ORFV125 and Bcl-2 did
no show any active protein. Thus, like Bcl-2, ORFV125 inhibited
the UV-induced activation of Bax and Bak.

DISCUSSION

Among the array of host modulating strategies deployed by
poxviruses, a common theme is the inhibition of apoptosis of
infected cells. A substantial number of different poxviral anti-
apoptotic proteins have been identified, and it was therefore
somewhat surprising that inspection of the genome of ORFV
revealed little evidence of such inhibitors of apoptosis. In this
study, we set out to test the abilities of ORFV to inhibit
apoptosis and to identify the ORFV gene(s) responsible for
any such activity. Our results show that ORFV expresses po-
tent apoptotic inhibitory activity, and we were able to identify
a single gene that is at least in part, or perhaps fully, respon-
sible for that activity. The gene (ORFV125) encodes a protein
that is directed to the mitochondria by a C-terminal domain
which has a strong match with the consensus sequence of the
C-terminal signal motif of mitochondrion-targeted proteins
(26). Consistent with the mitochondrial location of ORFV125,
we were able to show that in cells subjected to an apoptotic
stimulus, the viral protein inhibits the release of cytochrome c,
caspase activation, and DNA fragmentation. However, it did
not inhibit JNK activation, which occurs at a step in the apop-
totic response cascade upstream of the mitochondria. Nor
could we detect evidence of any cytosol-localized ORFV fac-
tors able to inhibit caspase activation downstream of the re-
lease of cytochrome ¢ from the mitochondria.

ORFV125’s specific localization to the mitochondria seems
to be necessary for its antiapoptotic function, as a deletion of
the C-terminal targeting domain led to the distribution of the
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FIG. 9. ORFVI125 inhibits the activation of Bax and Bak. 143B
stable cell lines were incubated with 50 uM Z-VAD-FMK (Calbio-
chem), added 1 h before UV treatment. Eight hours after treatment,
cells were stained with Bax (A) or Bak (B) conformation-specific
antibodies and visualized by fluorescence (a to ¢) or phase-contrast (d
to f) microscopy. The percentage of cells with active Bax (C) or Bak
(D) in four different microscope fields was calculated and averaged.
The results are presented as an average of three independent experi-
ments (standard deviations are indicated). Samples that showed sig-
nificantly (P < 0.001) less active Bax or Bak than the empty-vector
control cell line are indicated by asterisks.

truncated protein throughout the cytoplasm and a loss of in-
hibitory activity. In addition, a mutant form of ORFV125
(ORFV125AAA), in which the positively charged amino acids
downstream of the TM domain were converted to neutral
amino acids, showed only partial localization to the mitochon-
dria and a similar partial loss of inhibitory activity. The partial
retention of this mutant protein within the mitochondria was

J. VIROL.

unexpected as a similar mutant of F1L, a mitochondrial apop-
tosis inhibitor of VACYV, was redirected entirely to the ER
(46). The behavior of ORFV125AAA may reflect the unusu-
ally high basicity of the 11-amino-acid region immediately up-
stream of the TM domain. This region contains five arginine
and two histidine residues, whereas the corresponding region
of VACV FIL contains only two basic residues. This partial
retention within the mitochondria can also be seen with a
Bcl-x; mutant similar to the ORF125AAA construct, which is
localized to all intracellular membranes, whereas wild-type
Bcl-x, is directed only to the mitochondria (26).

We showed that the ability of ORFV125 to inhibit UV-
induced apoptosis was comparable to that of Bcl-2. Although
the overall amino acid sequence identity of these two proteins
is only 10%, the alignment of ORFV125 and three antiapop-
totic members of the Bcl-2 family revealed that ORFV125
shares predicted structural features and key functional resi-
dues with Bcl-2 proteins, including BH domains 1 and 3, as well
as partial evidence of BH2 and BH4 domains. Crystallization
studies of Bcl-x; have revealed residues within the hydropho-
bic groove formed by the BH1, BH2, and BH3 domains that
interact with BH3 peptides of proapoptotic proteins such as
Bak, Bad, and Bim (30, 38, 43). Several of these residues are
conserved in ORFV125, suggesting that the viral protein might
interact with proapoptotic family members and inhibit apop-
tosis in a manner similar to that used by antiapoptotic Bcl-2
proteins. These observations indicate that ORFV125 can be
classified as a viral Bcl-2-like protein.

This is the first analysis of a parapoxvirus inhibitor of apop-
tosis. Orthologs of ORFV125 are encoded by each of the
recognized species of parapoxviruses, with interspecies amino
acid sequence identities ranging from 60 to 80% (7; unpub-
lished observations). Each ortholog displays the Bcl-2-like fea-
tures described for ORFV125.

We also compared ORFV125 with other mitochondrion-
localized antiapoptotic proteins of the poxvirus family, i.e.,
FWPV039, which is a recognized Bcl-2 homolog, and M11L
and F1L, which have not been regarded as Bcl-2 family mem-
bers although BH3-like domains have been detected in both
proteins (40, 50). The amino acid sequence identity of these
four proteins is only approximately 10%. Nevertheless, they
are similar in size, apart from an N-terminal extension in F1L,
and each protein possesses a C-terminal mitochondrion-target-
ing motif (Fig. 10). Beyond that, ORFV125 and FWPV039
exhibit at least two of four BH domains (1), and within the
same regions of M11L and F1L one can find residues consis-
tent with the consensus sequences of BH1 and BH3 domains
(Fig. 10). The region of F1L aligned with the BH3 consensus
motif differs from the potential BH3-like domain identified by
Postigo et al. (40). Figure 10 also shows that within each genus
of the vertebrate poxvirus subfamily, apart from the Mollusci-
poxvirus genus, one can identify a corresponding protein that is
of a similar size, exhibits a potential mitochondrion-targeting
motif, and displays evidence of shared sequence within the
potential BH1- and BH3-like domains. We excluded the pro-
tein MCOOSL of molluscum contagiosum virus from our align-
ment, as it does not exhibit discernible BH-like domains al-
though it shares the other Bcl-2-like features. In general, this
group of proteins displays only limited overall sequence simi-
larities. However, substantial similarities are apparent within
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FIG. 10. Representatives from seven of the eight vertebrate poxvirus genera encode proteins with Bcl-2-like features. Alignment of BH3-like
and BH1-like domains of proteins from fowlpox virus (FWPV, FWPV039), ORFV (ORFV125), myxoma virus (MYXV, M11L), sheeppox virus
(SPPV, SPPV014), swinepox virus (SWPV, SWPV(12), Yaba monkey tumor virus (YMTV, 16L), deerpox virus (DPV, DPV(22), and VACV
(F1L). Deerpox virus is an unassigned member of the subfamily. Amino acids highlighted in yellow match the consensus sequence of the BH1
domain (Prosite accession no. PSO1080) or the BH3 domain (Prosite accession no. PSO1259). The Prosite consensus sequences are shown at the
top, with X representing any amino acid. Amino acids boxed in blue are conserved in at least five of eight poxviral proteins. Predicted
mitochondrion-targeting sequences (mTS) are marked as red boxes. x,, indicates the numbers of intervening amino acids. The total number of

amino acids in each protein is shown at the end of each sequence.

the proposed BH-like domains, suggesting that these regions
are functionally significant. We therefore suggest that the ma-
jority of the vertebrate poxvirus subfamily members encode
proteins that display a spectrum of Bcl-2-like properties and
are likely to be functional homologs of the Bcl-2 family.

Functional analysis has only been reported for M11L and
F1L, which have been shown to act similarly to antiapoptotic
Bcl-2 proteins. M11L constitutively interacts with Bak (50) but
only binds to Bax following an apoptotic stimulus (47). F1L
also binds to Bak constitutively (40, 51), but instead of inter-
acting with Bax, it sequesters the BH3-only protein BimL (48).
In addition, the crystallographic structure of M11L has re-
cently been reported and it confirms the Bcl-2-like nature of
the viral protein (27).

The precise mechanism of action of ORFV125 still needs to
be clarified. Its ability to inhibit the activation of Bax and Bak
following UV treatment indicates that ORFV125 shares func-
tional features with M11L and F1L. However, the low se-
quence similarity between the mitochondrion-localized poxvi-
ral proteins suggests that ORFV125 may well have functional
characteristics that differ from those of M11L and F1L. Fur-
ther experiments are under way to determine if ORFV125’s
ability to block the activation of Bax and Bak is due to direct
interactions with these proteins or the sequestering of other
proteins, such as BH3-only family members, away from Bax
and Bak.

In summary, our results show that ORFV125 is a potent
Bcl-2-like protein that inhibits UV-induced apoptosis without
the participation of other ORFV proteins. Poxviruses com-
monly encode multiple inhibitors of apoptosis, but we have not
been able to identify any additional antiapoptotic proteins
encoded by ORFV. In addition, we have not been able to
create a stable ORFV125 deletion virus, suggesting that this
protein is essential for infection, as might be the case if it were
the only ORFV apoptotic inhibitor. This possibility and the
proposal that almost all vertebrate poxviruses possess similar
mitochondrial inhibitors of apoptosis illustrate the importance
of mitochondria as a control point in the apoptotic pathways.
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