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ABSTRACT

Apoptosis is a tightly regulated process that plays a crucial role in the removal of virus-infected cells, a process controlled by
both pro- and antiapoptotic members of the Bcl-2 family. The proapoptotic proteins Bak and Bax are regulated by antiapoptotic
Bcl-2 proteins and are also activated by a subset of proteins known as BH3-only proteins that perform dual functions by directly
activating Bak and Bax or by sequestering and neutralizing antiapoptotic family members. Numerous viruses express proteins
that prevent premature host cell apoptosis. Vaccinia virus encodes F1L, an antiapoptotic protein essential for survival of infected
cells that bears no discernible sequence homology to mammalian cell death inhibitors. Despite the limited sequence similarities,
F1L has been shown to adopt a novel dimeric Bcl-2-like fold that enables hetero-oligomeric binding to both Bak and the proapo-
ptotic BH3-only protein Bim that ultimately prevents Bak and Bax homo-oligomerization. However, no structural data on the
mode of engagement of F1L and its Bcl-2 counterparts are available. Here we solved the crystal structures of F1L in complex with
two ligands, Bim and Bak. Our structures indicate that F1L can engage two BH3 ligands simultaneously via the canonical Bcl-2
ligand binding grooves. Furthermore, by structure-guided mutagenesis, we generated point mutations within the binding pocket
of F1L in order to elucidate the residues responsible for both Bim and Bak binding and prevention of apoptosis. We propose that
the sequestration of Bim by F1L is primarily responsible for preventing apoptosis during vaccinia virus infection.

IMPORTANCE

Numerous viruses have adapted strategies to counteract apoptosis by encoding proteins responsible for sequestering proapop-
totic components. Vaccinia virus, the prototypical member of the family Orthopoxviridae, encodes a protein known as F1L that
functions to prevent apoptosis by interacting with Bak and the BH3-only protein Bim. Despite recent structural advances, little
is known regarding the mechanics of binding between F1L and the proapoptotic Bcl-2 family members. Utilizing three-dimen-
sional structures of F1L bound to host proapoptotic proteins, we generated variants of F1L that neutralize Bim and/or Bak. We
demonstrate that during vaccinia virus infection, engagement of Bim and Bak by F1L is crucial for subversion of host cell apop-
tosis.

Apoptosis, also known as programmed cell death, is a key pro-
cess in the removal of virus-infected cells in higher order or-

ganisms (1–3). The Bcl-2 family plays a central role in maintaining
cell survival and promoting cell death, thereby removing infected,
damaged, or unwanted cells (4, 5). Members of the Bcl-2 family
share one or more Bcl-2 homology (BH) domains and include
both prosurvival and prodeath proteins. Prosurvival members of
the family include Bcl-2, Bcl-xL, Bcl-w, Mcl-1, A1, and Bcl-b. The
proapoptotic proteins Bak and Bax are essential for eliciting cell
death and facilitating the release of cytochrome c from the outer
mitochondrial membrane (OMM) by forming higher-order ho-
mo-oligomers (6–8). Bak exists constitutively at the OMM
through its C-terminal transmembrane anchor, whereas Bax ex-
ists in the cytosol. Upon the presence of an apoptotic stimulus,
Bax undergoes a conformational rearrangement that facilitates its
localization to the OMM. This process is tightly governed by the
presence of the BH3-only proteins (9). The BH3-only proteins
include Puma, Noxa, Bid, Bmf, Bik, Bad, Hrk, and Bim; they func-
tion by directly activating Bak and Bax or by sequestering and
neutralizing the antiapoptotic family members (10). In contrast to
the prosurvival Bcl-2 proteins, which contain multiple BH do-
mains, BH3-only proteins harbor the �-helical BH3 domain,
which engages a conserved ligand-binding groove on the prosur-

vival proteins (11). The BH3-only proteins are upregulated in
response to cellular damage signals such as growth factor depriva-
tion or exposure to cytotoxic drugs, thus activating cell death
mechanisms (12). The BH3-only protein Bim, in which three pri-
mary isoforms are responsible for eliciting cell death, is capable of
both directly and indirectly activating Bak and Bax through direct
interactions, as well as binding and sequestering the antiapoptotic
Bcl-2 family members (13).

Many viruses have evolved strategies to counteract cell death
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(3). For example, adenoviruses and Epstein-Barr virus (EBV) en-
code viral Bcl-2-like proteins (11, 14) that are required for suc-
cessful viral propagation and/or persistence (15). However, other
viruses express antiapoptotic proteins that are unrelated by se-
quence. Included among these viruses are members of the Poxviri-
dae family, including vaccinia virus (VACV) F1L, N1L, and E3L;
myxoma virus M11L (16–19); and the more recently identified
fowlpox FPV039, orf virus ORF125, deerpox virus DPV022, and
sheeppox virus SPPV14 (20–23).

VACV-encoded F1L, which is found exclusively in the Or-
thopoxviridae family, was originally identified as a potent inhibitor
of the mitochondrial apoptotic pathway that localizes to the mi-
tochondria via its C-terminal membrane anchor (19). Our data
indicate that F1L interacts with Bak and prevents Bak activation
(24). Despite no observable interaction with Bax, F1L was found
to be fully capable of preventing Bax activation through an up-
stream interaction with the BH3-only protein Bim (25, 26). The
importance of F1L is highlighted by the F1L-deficient virus
VACV�F1L, which potently causes Bak and Bax activation, and
subsequently cell death, in the presence of virus infection alone
(26). Recently, we identified divergent BH domains that are re-
sponsible for the ability of F1L to interact with Bak and prevent
apoptosis (24). Furthermore, biochemical studies revealed inter-
actions with the BH3 domains of Bim, Bak, and Bax (17, 27). The
structure of VACV F1L was solved, and despite the lack of se-
quence similarity to mammalian Bcl-2 family members, F1L
adopts a Bcl-2 fold that displays a novel, domain-swapped dimer
configuration (27). The structural basis for F1L engagement of
prodeath Bcl-2 proteins and the molecular mechanisms underly-
ing F1L-mediated inhibition of apoptosis remain unclear.

Here we report the molecular basis for F1L-mediated inhibi-
tion of apoptosis. We determined the crystal structures of modi-
fied VACV Ankara strain (MVA)-encoded F1L in complex with
the BH3 peptides of Bim and Bak. Using structure-guided mu-
tagenesis we generated mutations within the binding pocket of
F1L that, in many instances, abolished the ability to prevent cyto-
chrome c release, as well as an inability to prevent downstream
PARP (poly-ADP ribose polymerase) cleavage. Furthermore, im-
munoprecipitation data reveal several hydrophobic residues
within the binding cleft that play a substantial role in facilitating
proper binding to the proapoptotic proteins Bak and Bim. The
data support the idea that F1L ultimately prevents cell death pri-
marily by sequestering Bim.

MATERIALS AND METHODS
Cells and viruses. HeLa, HEK 293T, and baby green monkey kidney
(BGMK) cells were obtained from the American Type Culture Collection
and maintained as previously described (26). VACV strain Copenhagen
expressing the enhanced green fluorescence protein (EGFP) and VACV65
(28) expressing �-galactosidase in the thymidine kinase locus were ob-
tained from G. McFadden (University of Florida, Gainesville). cDNAs
encoding F1L point mutations were subcloned into pSC66 under the con-
trol of a poxviral promoter. Recombinant VACV�F1L-FLAG-F1L was
generated by homologous recombination of pSC66-FLAG-F1L into the
thymidine kinase locus of VACV�F1L as described previously (29).
Briefly, 1 � 106 BGMK cells were transfected with 5 �g of pSC66-Flag-F1L
and infected with VACV�F1L at a multiplicity of infection (MOI) of 10.
Recombinant viruses were selected by growth on HuTK-143B cells in the
presence of 5-bromodeoxyuridine (Sigma-Aldrich), and plaque purifica-
tion was carried out with 5-bromo-4-chloro-3-indoyl-�-D-galactopyra-
noside (Rose Scientific Ltd.) to visualize �-galactosidase-positive viruses.

Recombinant protein production and purification. cDNA of F1L
MVA (residues 18 to 186) was amplified by PCR with a forward primer
with a BamHI restriction site and a reverse primer containing an EcoRI
restriction site (27). The F1L I125F mutant was generated by overlap
extension PCR with wild-type (WT) MVA F1L, and the PCR product was
cloned into the pET Duet vector (Invitrogen) with BamHI and EcoRI and
expressed in Escherichia coli BL21(DE3)pLysS cells. E. coli cells containing
the pET Duet vector were grown to an optical density at 600 nm of 1.0 to
1.2. At that point, protein expression was induced with 500 mM
isopropyl-�-D-thiogalactopyranoside (IPTG) for 4 h. Cells were then pel-
leted by centrifugation, and cell pellets were homogenized with an Avestin
EmulsiFlex homogenizer in a lysis buffer containing 20 mM Tris-HCl (pH
8.0), 150 mM NaCl, and 10 mM 2-mercaptoethanol. These cell lysates
containing hexahistidine-tagged F1L were centrifuged and filtered prior
to loading onto a 1-ml Hi-Trap chelating column (GE Healthcare) that
was charged with nickel. Protein elution was accomplished with an elu-
tion buffer containing 50 mM Tris (pH 8.0), 150 mM NaCl, 10 mM
2-mercaptoethanol, and 250 mM imidazole. Eluted protein was then sub-
jected to gel filtration chromatography with a Superdex 200 column equil-
ibrated with buffer containing 20 mM HEPES (pH 7.5), 150 mM NaCl,
and 10 mM dithiothreitol, where it eluted as a single peak (27).

Crystallization and structure determination. MVA F1L:Bak or MVA
F1L:Bim BH3 complexes were obtained by mixing MVA F1L with human
Bak or Bim 26-mer in a 1:1.25 molar ratio and concentrated with a Cen-
tricon (Millipore) to 5 mg/ml. The peptides used were described previ-
ously (30). MVA F1L:Bak crystals were grown by the sitting-drop method
at room temperature in 0.18 M ammonium sulfate–2.25 M LiCl. The
crystals belong to space group P6422 with a � b � 116.691 Å, c � 103.639
Å, � � � � 90°, and � � 120°. The asymmetric unit contains one MVA
F1L chain and one Bak BH3 peptide and has 70% solvent content. Dif-
fraction data were collected from crystals flash cooled in 2 M sodium
malonate (pH 7.5) at 100K with beamline MX2 at the Australian Synchro-
tron. MVA F1L:Bim crystals were grown by the sitting-drop method at
room temperature in a mixture of 0.2 M KCl, 15% polyethylene glycol 400
(PEG400), 1.44% 2-methyl-2,4-pentanediol, and 0.1 M ammonium ci-
trate (pH 6.2). The crystals belong to space group P41212 with a � b �
56.503 Å, c � 232.685 Å, and � � � � � � 90°. The asymmetric unit
contains two MVA F1L chains and two Bim BH3 peptides and has 35%
solvent content. Diffraction data were collected from crystals flash cooled
in 25% PEG400 – 0.1 M sodium acetate (pH 6.2) at 100K with beamline
MX2 at the Australian Synchrotron. Diffraction data were processed with
HKL2000 (31) or XDS (32) and programs in the CCP4 suite. All complex
structures were solved by molecular replacement with PHASER (33) by
using a previously determined F1L structure (Protein Data Bank code
2VTY) (27) as a search model. The final models were built with Coot (34)
and refined with Refmac5 (35) or PHENIX (36). All of the data collection
and refinement statistics are summarized in Table 1. All of the software
used, except HKL200, was accessed via SBGrid (37). Figures were pre-
pared with PyMol (38).

Immunoprecipitation and immunoblotting. HEK 293T cells (1 �
106) were transfected with Lipofectamine 2000 (Invitrogen) with 0.5 �g of
pEGFP, 2 �g of pEGFP-F1L, or pEGFP-F1L point mutations and cotrans-
fected with 1 �g of human Flag-BimL (39) for 12 h. Furthermore, HEK
293T cells (1 � 106) were infected with VACV�F1L, VACV-Flag-F1L, or
the VACV�F1L-Flag-F1L mutants at an MOI of 10 for 12 h. Cells were
lysed in 2% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesul-
fonate (CHAPS; Sigma-Aldrich) lysis buffer supplemented with EDTA-
free proteinase inhibitor (Roche Diagnostics), followed by immunoprecipi-
tation with either goat anti-GFP antibody (Luc Berthiaume, University of
Alberta, Edmonton, Alberta, Canada) or rabbit anti-FlagM2 antibody (Sig-
ma-Aldrich). Cell lysates were subjected to sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene di-
fluoride membranes. Detection of protein was accomplished with mouse
anti-GFP (1:5,000; Cedarlane Laboratories Ltd.), mouse anti-Flag (1:5,000;
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Sigma-Aldrich), rabbit anti-BakNT (1:2,000; Upstate), and rabbit anti-Bim
(1:1,000; Enzo Life Sciences) antibodies.

Flow cytometry assay for Bak activation. Bak activation was assessed
by infecting 1 � 106 Jurkat cells or Bak- and Bax-deficient Jurkat cells at an
MOI of 10 with VACVF1L or VACVmtF1L carrying point mutations. Six
hours postinfection, cells were fixed in 0.25% paraformaldehyde, perme-
abilized with 500 �g/ml digitonin (Sigma-Aldrich), and stained with a
conformation-specific anti-Bak Ab-1 antibody (Oncogene Research
Products) (40, 41) or an isotype control antibody specific for NK1.1
(PK136) (42). Phycoerythrin-conjugated anti-mouse antibody was used
to counterstain cells (Jackson ImmunoResearch) before analysis by flow
cytometry (FACScan; Becton Dickinson) with the FL-2 channel equipped
with a 585-nm filter (42-nm band pass). Data were analyzed with Cell-
Quest software.

Cytochrome c release. Jurkat cells (1 � 106) were mock infected,
or infected with VV�F1L, VV65, VACV�F1L-FLAG-F1L(Y104E),
VACV�F1L-FLAG-F1L(M108W), VACV�F1L-FLAG-F1L(M111W), VACV
�F1L-FLAG-F1L(A115W), VACV�F1L-FLAG-F1L(I132F), VACV�F1L-
FLAG-F1L(V141F), VACV�F1L-FLAG-F1L(L143F), VACV�F1L-FLAG-
F1L(M114R), VACV�F1L-FLAG-F1L(I125F), VACV�F1L-FLAG-F1L
(N136F), and VACV�F1L-FLAG-F1L(F148A) at an MOI of 10. After 6 h
of infection, cells were treated with or without 2 �M staurosporine (STS)
for up to 6 h. Cells were harvested at 6, 8, 10, and 12 h postinfection and
lysed in buffer containing 75 mM NaCl, 1 mM Na1H2PO4, 8 mM
Na2HPO4, 250 mM sucrose, and 190 �g/ml of digitonin. Lysates were
then incubated on ice for 10 min as previously described (43). Mitochon-
drial and cytoplasmic fractions were separated via ultracentrifugation for
5 min at 10,000 � g. Mitochondrial fractions were resuspended in buffer
containing 25 mM Tris (pH 8.0) and 0.1% Triton X-100. Samples were
subjected to SDS-PAGE and immunoblotted with mouse anti-cyto-
chrome c (BD PharMingen).

PARP cleavage assay. To detect the cleavage of PARP, Jurkat cells (1 �
106) were mock infected or infected with VACV65, VACV�F1L-FLAG-

F1L(Y104E), VACV�F1L-FLAG-F1L(M108W), VACV�F1L-FLAG-F1L
(M111W), VACV�F1L-FLAG-F1L(A115W), VACV�F1L-FLAG-F1L(I132F),
VACV�F1L-FLAG-F1L(V141F), VACV�F1L-FLAG-F1L(L143F), VACV�
F1L-FLAG-F1L(M114R), VACV�F1L-FLAG-F1L(I125F), VACV�F1L-FLAG-
F1L(N136F), and VACV�F1L-FLAG-F1L(F148A) at an MOI of 10. After 6 h
of infection, cells were treated with 2 �M STS. Cells were harvested 2, 4,
and 6 h after STS treatment and lysed in SDS-PAGE sample buffer con-
taining 8 M urea. Samples were subjected to SDS-PAGE and immuno-
blotted with anti-PARP (BD PharMingen), anti-�-tubulin (EMC Biosci-
ence), and anti-I3L antibodies to detect virus infection (44).

Protein structure accession numbers. The coordinates determined in
this study have been deposited in the Protein Data Bank and assigned
accession codes 4d2m (F1L:Bim complex) and 4d21 (F1L:Bak BH3 com-
plex).

RESULTS
Crystal structures of MVA F1L in complex with the Bim and Bak
BH3 domains. Virus-encoded antiapoptotic proteins have been
shown to be critical for successful infection by engaging their pro-
apoptotic Bcl-2 counterparts (45, 46). In VACV, the antiapoptotic
F1L protein has been shown to inhibit apoptosis during infection
(19). The previously determined crystal structure revealed that
F1L adopts a Bcl-2 like fold that forms a domain-swapped dimer
with �1 helices swapped between two monomeric Bcl-2 domains
(27). However, because of extensive crystal contacts involving the
putative ligand binding groove and a previously not observed ad-
ditional helix, �0, the section of the groove comprising helix �3
was disordered in the structure (27). Consequently, only half of
the putative ligand binding groove was visible. To investigate how
F1L engages the proapoptotic BH3 domains, we determined the
crystal structures of a I125F F1L mutant because of an increase in
binding efficiency, in complex with the two biochemically identi-
fied BH3 domain ligands, Bim and Bak. Both F1L complexes
adopt the previously observed domain-swapped dimeric configu-
ration, which results in the formation of two independent ligand
binding grooves (Fig. 1A to D). Crystals of F1L bound to the Bak
BH3 peptide (F1L:Bak BH3) contain only a monomer in the
asymmetric unit, with the full dimer being formed via a crystallo-
graphic 2-fold axis (Fig. 1C). In contrast, crystals of F1L bound to
the Bim BH3 peptide (F1L:Bim BH3) contain two F1L and two
Bim chains in the asymmetric unit which form the expected di-
meric F1L configuration (Fig. 1B). Two Bim molecules are simul-
taneously bound by two binding grooves on dimeric F1L (Fig.
1A). The novel �0 helix observed in ligand-free F1L is noticeably
shorter in both F1L complex structures. In the ligand-free struc-
ture, the �0 helix spanned 22 residues (27), whereas in the ligand-
bound structures, only 7 to 9 residues of �0 are observed (Fig. 1B
to D), with the remainder of the N-terminal residues absent and
presumed disordered. Overall, our structures indicate that despite
the unusual Bcl-2 fold topology, F1L utilizes the canonical ligand
binding groove to engage proapoptotic Bcl-2 proteins.

The binding interface of F1L with the Bak and Bim BH3 pep-
tides. Helices �2, �3, �4, and �5 of F1L form an extended binding
groove for the BH3 domain and are engaged in nearly identical
fashions (Fig. 1E). Superimposition of the C� backbone of F1L in
complex with both BH3 domain ligands yields a root mean square
deviation (RMSD) of 0.7 Å (over 103 C� atoms), highlighting the
similarity of F1L in both complexes. In F1L bound to the Bim BH3
peptide (F1L:Bim BH3) (Fig. 2A), residues I58, L62, I65, and F69
protrude into four pockets in the F1L binding groove, similar to
the equivalent hydrophobic residues in Bak (V74, L78, I81, and

TABLE 1 Crystallographic data collection and refinement statistics

Parameter

Value(s) for crystal:

F1L:Bak BH3 F1L:Bim BH3

Data collection and phasing
Space group P6122 P4122
Resolution range (Å) 50–2.9 46.54–2.1
No. of unique reflections 9,630 23,134
Multiplicitya 10.0 (10.1) 11.7 (12.0)
Completeness (%)a 99.4 (99.9) 99.9 (100.0)
Rmerge

a,b 0.054 (0.778) 0.065 (0.482)
I/	I 39.6 (4.2) 23.2 (5.3)

Refinement
Resolution range (Å) 38.74–2.9 37.79–2.1
No. of reflections (working

set/test set)
9,151/454 23,012/1,182

No. of protein atoms 1,309 2,613
No. of solvent (H2O) atoms 0 163
Rcryst/Rfree

c 0.201/0.228 0.215/0.255
RMSD, bonds (Å) 0.007 0.006
RMSD, angles (°) 1.1 0.8
Ramachandran plot (%)d 89.3/10.7/0.0/0.0 97.3/2.7/0.0/0.0

a Values in parentheses are for the highest-resolution shells.
b Rmerge � 
h
i | Ii(h) � �I(h)
 |/
h
iIi(h), where Ii(h) is the ith measurement of
reflection h and �I(h)
 is the weighted mean of all measurements of h.
c R � 
h|Fobs � Fcalc|/
hFobs, where Fobs and Fcalc are the observed and calculated
structure factor amplitudes, respectively. Rcryst and Rfree were calculated by using the
working and test sets, respectively.
d Residues in most favored, additionally allowed, generously allowed, and disallowed
regions.
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I85) (Fig. 2B). The mutated I125 residue lies in close proximity to
Bim I58 and Bak V74, respectively, and the presence of the larger
phenylalanine in place of the WT isoleucine may have subtly al-
tered the binding groove. As predicted previously, D67 of Bim is
not engaged in a salt bridge with an Arg residue from F1L (27), in
contrast to the binding of BimL to mammalian prosurvival Bcl-2,
where a D67-mediated salt bridge to an Arg is fully conserved
across all mammalian prosurvival Bcl-2–BH3 domain interac-
tions (47). F1L binding to Bim is mediated largely by hydrophobic
and van der Waals contacts, whereas no hydrogen bonds between
F1L and Bim residues are observed (Fig. 2A). In contrast, F1L
forms a salt bridge between D103 and Bak R88, as well as a hydro-
gen bond between the main chain amino group of G140 and the
asparagine side chain of Bak N86 (Fig. 2B).

Superimposition of M11L bound to Bak (48) and F1L bound to
Bak yields an RMSD of 3.3 Å over 101 C� atoms. Of the 16 resi-
dues that are conserved between F1L and M11L, 5 are located in
the binding groove (Y104, Y112, D113, V141, and A144), with a
further six conservative substitutions, highlighting the powerful
conservation of features in the binding groove despite the low

overall sequence identity (10%). Despite the overall low level of
sequence identity between F1L and M11L and their fundamentally
different Bcl-2 fold topology, the two viral proteins utilize similar
key residues to engage BH3 domain ligands without relying on the
hallmark ionic interaction between an arginine from prosurvival
Bcl-2 and a BH3 domain aspartic acid observed in mammalian
prosurvival Bcl-2:BH3 domain complexes (11).

F1L binding pocket residues are responsible for Bak interac-
tion and preventing Bak activation. We previously identified
VACV F1L as a potent antiapoptotic protein that localizes to the
OMM, inhibits cytochrome c release (19, 49), and interacts with
Bcl-2 family members Bak and BimL (25, 26). The structure of F1L
was previously described and, despite limited sequence similarity,
was found to fold in a fashion similar to that of members of the
Bcl-2 family (27). The crystal structure led to the elucidation of
putative BH domains that are responsible for the observed hetero-
meric interactions (24). To further characterize the putative BH1
and BH3 domains of F1L, we performed extensive structure-
guided mutagenesis to determine the residues responsible for in-
teraction with Bim and Bak. We targeted a number of hydropho-

FIG 1 Crystal structures of F1L in complex with BH3 peptides of both Bak and Bim. (A) Cartoon representation of F1L bound to the Bim BH3 domain. The F1L
dimer is shown as a cartoon (one monomer is green, and the other is orange) with helices �1 to �7 labeled. Two BimL BH3 molecules are shown in magenta. The
view is down the 2-fold symmetry axis between the domain-swapped �1 helices. (B) Cartoon representation of F1L bound to the BimL BH3 domain. This view
is into the hydrophobic binding grove formed by helices �2 to �5. F1L helices �2 to �7 from monomer 1 (green) are labeled, as is helix �1= from monomer 2
(orange). BimL BH3 is shown in magenta. (C) Cartoon representation of F1L bound to the Bak BH3 complex. F1L (green and orange) is in complex with Bak BH3
(cyan). The view is the same as in panel B. (D) BH3 domain binding to F1L. The BimL (magenta) and Bak (cyan) BH3 domains are shown as traces bound to the
hydrophobic binding groove on F1L, which is shown as a molecular surface (gray). (E) Superimposition of the F1L main chains from the two complexes formed
with the BimL (green) and Bak (blue) BH3 domains.

Campbell et al.

8670 jvi.asm.org Journal of Virology

http://jvi.asm.org


bic residues in F1L that were in close contact with the four key
hydrophobic residues in the BH3 domain of Bim and Bak that
protrude into the F1L binding groove (Fig. 3). We employed im-
munoprecipitation to determine any observable interaction be-
tween the panel of Flag-tagged F1L mutants with endogenous
Bak during HeLa cell infection. Upon immunoprecipitation
with Flag and immunoblotting with BakNT antibody (40, 41),
VACV-Flag-F1L, VACV�F1L-Flag-F1L(M108W), VACV�F1L-
Flag-F1L(A115W), VACV�F1L-Flag-F1L(M114R), and VACV
�F1L-Flag-F1L(I125F) interacted with endogenous Bak (Fig. 4A).
In contrast, VACV�F1L, VACV�F1L-Flag-F1L(Y104E), VACV
�F1L-Flag-F1L(M111W), VACV�F1L-Flag-F1L(I132F), VACV
�F1L-Flag-F1L(V141F), VACV�F1L-Flag-F1L(L143F), VACV�F1L-
Flag-F1L(N136F), and VACV�F1L-Flag-F1L(F148A) had a substan-
tially reduced ability to interact with Bak (Fig. 4A).

The initial immunoprecipitation experiments demonstrated
that numerous hydrophobic residues in the binding cleft of F1L
are important for facilitating interactions with Bak. To further
understand the effects of abrogating Bak interaction, we examined
the ability of the F1L binding cleft mutants to prevent Bak activa-
tion with the conformationally specific anti-Bak AB-1 antibody
(26). The Bak AB-1 antibody binds Bak upon activation, signify-

ing oligomerization (41). Because of the variability in Bak binding,
we predict that the binding pocket mutants will also show heter-
ogeneity in the ability to prevent Bak activation as monitored by
flow cytometry. Jurkat cells were infected with WT VACV
(VACV-EGFP), VACV devoid of F1L (VACV�F1L), or VACV
expressing Flag-tagged F1L binding pocket mutations. To further
promote Bak activation, mock-infected and infected cells were
treated in the presence or absence of STS, a potent inducer of
intrinsic apoptosis (50). Numerous viruses were able to com-
pletely prevent Bak activation, including VACV-EGFP (Fig. 4B, b),
which was used as a positive control, VACV�F1L-Flag-F1L
(M108W) (Fig. 4B, e), and VACV�F1L-Flag-F1L(M111W) (Fig. 4B,
f), whereas VACV�F1L-Flag-F1L(M114R) (Fig. 4B, k), VACV�F1L-
Flag-F1L(V141F) (Fig. 4B, i), VACV�Flag-F1L(I125F) (Fig. 4B, l),
VACV�Flag-F1L(Y104E) (Fig. 4B, d), VACV�Flag-F1L(L143F)
(Fig. 4B, j), and VACV�Flag-F1L(F148A) (Fig. 4B, n) caused mini-
mal Bak activation. A subset of viruses including VACV�F1L (Fig.
4B, c), VACV�F1L-Flag-F1L(A115W) (Fig. 4B, g), VACV�F1L-
Flag-F1L(I132F) (Fig. 4B, h), and VACV�F1L-Flag-F1L(N136F)
(Fig. 4B, m) were unable to prevent Bak activation. This finding im-
plies not only the importance of the hydrophobic residues in the
binding cleft of F1L for Bak interaction but also the possibility of F1L
sequestration of an upstream activator of apoptosis, including BimL.

Residues within the F1L binding pocket contribute to BimL

binding. The BH3-only protein Bim is a potent activator of apop-
tosis that is able to directly activate Bak and Bax, as well as engage
and sequester endogenous prosurvival Bcl-2 proteins (9, 10, 51).
In mammalian cells, three isoforms of Bim exist that play a role in
apoptosis; these include BimS, BimL, and BimEL (52). We have
previously shown that F1L can interact with BimL and, through
this interaction, prevent Bax activation (25). Since Bim can both
directly and indirectly activate Bak, we examined the ability of the
F1L binding pocket mutants to immunoprecipitate BimL. To ex-
amine the importance of the hydrophobic residues within the
binding pocket of F1L that interact with BimL, we cotransfected

FIG 2 Stereo diagrams of F1L in complex with the BH3 peptides of both Bak
and Bim. (A) Stereo diagram of the binding interface formed by the F1L
(green):Bim (magenta) complex. The F1L surface is gray, except for the orange
shading indicating the bottom of the peptide binding groove. F1L residues are
labeled in black, and BimL BH3 residues are labeled in magenta. (B) Stereo
diagram of the binding interface formed by the F1L (green):Bak (cyan) com-
plex. The view and labeling are the same as in panel A, except for the labeling of
Bak residues in cyan.

FIG 3 Structure of F1L in complex with the Bim BH3 peptide highlighting the
F1L binding pocket hydrophobic residues. Shown is the molecular surface of
F1L in complex with the BH3 peptide of BimL (in magenta). The FIL binding
pocket residues that facilitate hydrophobic contact with specific amino acids of
BimL are highlighted in colors. Included are F1L(N140), which is purple;
F1L(I132), which is brown; F1L(A119W), which is orange; F1L(M114), which
is green; F1L(M111), which is aqua; and F1L(M108), which is blue.
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HEK 293T cells with the EGFP-F1L mutants and Flag-BimL. We
observed that upon immunoprecipitation with EGFP and immu-
noblotting with BimL, EGFP-F1L, EGFP-F1L(M108W), EGFP-
F1L(M111W), EGFP-F1L(L143F), and EGFP-F1L(I125F) were
capable of interacting with BimL (Fig. 5). Notably, EGFP-
F1L(I125F) appeared to bind more BimL than did WT F1L,

similar to earlier findings that this mutation increased the af-
finity of recombinant F1L for Bim BH3 peptides 7-fold (KD � 34
nM)(27).Overall,EGFP-F1L(Y104E),EGFP-F1L(A115W),EGFP-
F1L(I132F), EGFP-F1L(V141F), EGFP-F1L(M114R), and EGFP-
F1L(N136F) had a diminished ability to interact with BimL. In
contrast, the ability of EGFP-F1L(F148A) to interact with BimL

FIG 4 F1L binding pocket residues are responsible for Bak interaction and prevention of Bak activation. (A) HeLa cells were mock infected or infected with
VACV�F1L, VACV-FLAG-F1L, or recombinant virus expressing the F1L binding pocket mutations. Infected-cell lysates were then immunoprecipitated (IP)
with a monoclonal antibody recognizing FLAG, and Bak was detected by blotting with an anti-Bak monoclonal antibody (40, 41). (B) Jurkat cells were infected
with WT VACV expressing EGFP, VACV�F1L, or a panel of recombinant VACVs carrying F1L point mutations (VACV�F1L-F1L) for 4 h at an MOI of 10 before
treatment with 250 nM STS for 1.5 h to induce apoptosis. Bak N-terminal exposure was monitored by staining cells with the conformation-specific anti-Bak AB-1
antibody (40, 41) or an anti-NK1.1 antibody (42) as an isotype control. Shaded histograms, untreated cells; open histograms, STS-treated cells. WB, Western
blotting.
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was completely abrogated (Fig. 5). The relatively small number of
F1L mutants that exhibited WT-like binding to BimL and Bak
suggests that the F1L binding groove is highly sensitive to muta-
tions.

Hydrophobic residues within the binding cleft of F1L are re-
sponsible for preventing cell death. Previous results have eluci-
dated the importance of the hydrophobic residues for Bak and
BimL interaction. To prevent mitochondrial dysfunction, we as-
sayed individual mutants for the ability to prevent cytochrome c
release in the presence of STS. As controls, cells were mock in-
fected (Fig. 6a) or infected with VACV�F1L (Fig. 6b) or VACV65
(Fig. 6c). VACV�F1L-Flag-F1L(Y104E) (Fig. 6d), VACV�F1L-
Flag-F1L(A115W) (Fig. 6g), VACV�F1L-Flag-F1L(I132F) (Fig.
6h), and VACV�F1L-Flag-F1L(N136F) (Fig. 6m) were unable to
prevent cytochrome c release. The viruses fully capable of main-
taining mitochondrial potential included WT VACV65 (Fig. 6c),
VACV�F1L-Flag-F1L(M108W) (Fig. 6e), and VACV�F1L-Flag-
F1L(I125F) (Fig. 6l). Finally, VACV�F1L-Flag-F1L(M111W)
(Fig. 6f), VACV�F1L-Flag-F1L(V141F) (Fig. 6i), VACV�F1L-
Flag-F1L(L143F) (Fig. 6j), VACV�F1L-Flag-F1L(M114R) (Fig.
6k), and VACV�F1L-Flag-F1L(F148A) (Fig. 6n) were only par-
tially protective in the ability to prevent cytochrome c release. This
finding exemplifies the importance of the binding cleft residues in
preventing the release of proapoptotic molecules from the mito-
chondria in the presence of apoptotic stimuli.

To further investigate the ability of F1L mutants to prevent
apoptosis, we determined the extent of PARP cleavage, an indica-
tor of cell death (53). VACV�F1L, VACV�F1L-Flag-F1L(Y104E)
(Fig. 7d), VACV�F1L-Flag-F1L(A115W) (Fig. 7g), VACV�F1L-

FIG 5 F1L binding pocket residues facilitate interactions with the BH3-only
protein BimL. HEK 293T cells were cotransfected with EGFP, EGFP-F1L, or
EGFP-tagged F1L containing the binding cleft mutation with FLAG-BimL.
Cells were lysed and immunoprecipitated (IP) with goat anti-GFP antibody.
Samples were separated by SDS-PAGE, and BimL was detected with anti-Bim
antibody (Enzo Life Sciences). WB, Western blotting.

FIG 6 Prevention of cytochrome c release by infection with VACV encoding F1L binding pocket mutants. Jurkat cells (1 � 106) were mock infected (a) or
infected with VACV�F1L (b), VACV65 (c), or a panel of recombinant VACVs carrying F1L point mutations (d to n) at an MOI of 10 for 6, 8, 10, or 12 h. At 6
h postinfection, cells were treated with 2 �M STS. Mitochondrial and cytoplasmic fractions were separated in lysis buffer containing digitonin. Mitochondrial
fractions were subsequently resuspended in 0.1% Triton X-100 lysis buffer. Twenty percent of the mitochondrial fractions and 50% of the cytoplasmic fractions
were Western blotted (WB) with anti-cytochrome c antibody to determine the presence of cytochrome c in the separated fractions or with anti-BakNT antibody
to ensure the separation of the two fractions.
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Flag-F1L(I132F) (Fig. 7h), and VACV�F1L-Flag-F1L(N136F)
(Fig. 7m) were again compromised in the ability to prevent
apoptosis, while WT VACV65 (Fig. 7c) and VACV�F1L-Flag-
F1L(M111W) (Fig. 7f) prevented PARP cleavage. Additionally,
VACV�F1L-Flag-F1L(M108W) (Fig. 7e), VACV�F1L-Flag-F1L
(M114R) (Fig. 7k), VACV�F1L-Flag-F1L(V141F) (Fig. 7i),
VACV�F1L-Flag-F1L(L143F) (Fig. 7j), VACV�F1L-Flag-F1L
(I125F) (Fig. 7l), and VACV�F1L-Flag-F1L(F148A) (Fig. 7n)
were only slightly impaired in the ability to prevent PARP cleav-
age. These data, in combination with the immunoprecipitation
and Bak activation data, provide significant evidence of the im-
portance of the hydrophobic residues within the binding cleft of
F1L in regard to both binding capabilities and prevention of cell
death. Furthermore, these experiments provide support for the
critical importance of BimL interaction and sequestration by F1L
in the prevention of mitochondrion-mediated cell death.

DISCUSSION

Apoptosis is an important innate defense mechanism utilized by
higher organisms to fight viral infections (2). Consequently, vi-
ruses have evolved an array of proteins to ensure survival and
proliferation. Numerous viruses, including the families Adeno-
viridae (14), Herpesviridae (15, 54, 55), Asfarviridae (56), and Pox-
viridae (18, 20, 22, 23, 57–59), encode proteins that are crucial for

subverting host apoptotic defenses. The ability to prevent host cell
death hinges on a group of viral Bcl-2-like proteins that, under
certain instances and despite limited sequence identity, share
structural homology with members of the Bcl-2 family. Ulti-
mately, loss of the viral Bcl-2 proteins can lead to widespread
apoptosis upon viral infection, resulting in reduced viral dissem-
ination (19, 46), underscoring the importance of neutralizing host
apoptotic responses.

Despite significant advances in our understanding of how vi-
ruses neutralize apoptosis by using Bcl-2-like proteins, redun-
dancy in mammalian apoptotic signaling has hampered the iden-
tification of key proapoptotic effector Bcl-2 proteins that have to
be targeted at a minimum for successful viral infection and pro-
liferation. Myxoma virus M11L has been shown to act primarily
by sequestering Bax and Bak (48); however, these experiments
were not performed with live myxoma virus. Other viral Bcl-2
proteins have been shown to utilize targeting strategies with re-
spect to proapoptotic Bcl-2 proteins. For example, ORF virus
ORFV125 has been shown to engage Bim, Bik, Hrk, Noxa, Puma,
and Bax (60), whereas VACV N1L binds peptides from Bid, Bim,
and Bak (57) and immunoprecipitates Bid, Bad, and Bax (58).
Sheeppox SPPV14 binds Bim, Bid, Bmf, Hrk, and Puma, as well as
Bax and Bak (59), and fowlpox FPV039 engages Bik and Bim, as
well as Bak and Bax (20). However, of all of the poxviral Bcl-2-like

FIG 7 Inhibition of PARP cleavage by infection with VACV encoding F1L binding pocket mutations. Jurkat cells (1 � 106) were mock infected (a) or infected
with VACV65 (b), VACV�F1L (c), or a panel of recombinant VACVs carrying the F1L binding pocket point mutations (d to n) at an MOI of 10. After 6 h of
infection, cells were treated with 2 �M STS for 2, 4, or 6 h. Whole-cell lysates were then collected in SDS lysis buffer containing 8 M urea. Samples were subjected
to SDS-PAGE and Western blotted (WB) for PARP to determine apoptosis, �-tubulin as a loading control, and I3L as a sign of infection (44).
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inhibitors characterized to date, VACV F1L harbors the most re-
stricted proapoptotic Bcl-2 ligand binding profile, making it a
suitable candidate for careful dissection of the relative importance
of each proapoptotic ligand during VACV infection. F1L has pre-
viously been shown to engage a very limited number of proapop-
totic Bcl-2 proteins and displays higher affinity for the Bim BH3
domain, whereas the Bak and Bax BH3 domains are bound with
modest affinity in biosensor assays (17, 27). Notably, in vitro in-
teraction with Bax is not observed in cells (25). Mechanistically,
F1L operates by replacing the antiapoptotic activity of Mcl-1 (24)
and sequesters Bak (26, 61) and Bim (25), although other lines of
evidence suggest that Noxa plays a role in F1L-mediated inhibi-
tion of apoptosis despite the lack of a direct interaction (62).

Here we report the identification of BimL, which was recently
shown to be the sole BH3-only protein that is targeted by all mam-
malian prosurvival Bcl-2 proteins (63), as a critical target of F1L-
mediated subversion of apoptotic signaling during VACV infec-
tion. F1L point mutants that selectively bind either BimL or Bak
showed antiapoptotic activity in a cell-based model of VACV in-
fection that correlated primarily with F1L engagement of BimL,
with a limited association with Bak, in immunoprecipitation as-
says. The binding and sequestration of BimL by F1L can poten-
tially prevent direct activation of Bak and Bax, as well as enable the
release of prosurvival proteins in the process. Examination of the
binding phenotypes and presence or absence of cell death inhibi-
tion in F1L binding cleft mutants provides a clearer scenario of
apoptosis mechanisms during VACV infection.

On the basis of immunoprecipitation data, we distinguished
four subgroups of F1L binding cleft mutants, (i) mutants that
behaved like WT F1L by binding both BimL and Bak, (ii) mutants
that lost binding to both BimL and Bak, (iii) mutants that were
able to bind Bak but unable to interact with BimL, and (iv) mu-
tants that bound only BimL but not Bak. F1L binding pocket mu-
tants with binding phenotypes similar to those of WT F1L were
fully capable of preventing Bak activation. Furthermore, these
mutants were able to prevent cytochrome c release from the mi-
tochondria and were capable of preventing the downstream cleav-
age of the apoptotic indicator PARP (2, 50). Binding cleft mutants
whose ability to bind both BimL and Bak was abrogated were dra-
matically impaired in these assays, including both F1L(N136F)
and F1L(F148A) (Table 2). However, F1L(Y104E) appears to con-

tain a unique binding profile that is completely abrogated in both
Bak and BimL binding yet retains the ability to prevent Bak acti-
vation (Table 2). This supports the idea that F1L may sequester
another upstream BH3-only protein. Of particular interest, the
F1L(A115W) mutant, which binds only Bak but not BimL, was
unable to prevent Bak activation, cytochrome c release, or PARP
cleavage, indicating complete abrogation of antiapoptotic activity.
In contrast, F1L (L143F) and F1L(M111W) were able to bind
BimL yet lost the ability to pull down Bak (Table 2). Interestingly,
this activity was sufficient to prevent Bak activation, cytochrome c
release, and PARP cleavage, providing evidence of the importance
of Bim sequestration. Overall, our data indicate that the ability to
prevent Bak activation, cytochrome c release, and PARP cleavage
coincided with BimL interactions and less so for F1L binding to
Bak (Fig. 4B). This suggests that BimL sequestration by F1L is the
predominant mechanism that enables F1L to protect against both
virus- and STS-induced Bak activation and subsequent apoptosis.

BimL has previously been shown to play a role during measles
infection because of the induction of endoplasmic reticulum
stress (64). However, in that study, measles infection led to the
rapid onset of apoptosis, with the virus evidently not initiating
suppression of host cell apoptosis. In the case of EBV, BHRF1 has
been shown to target BimL (65), although additional lines of evi-
dence also suggest a role for Bak inhibition (66). Using a combi-
nation of structural, biochemical, and cell biological approaches,
we now show that F1L-mediated sequestration of BimL is an im-
portant step in preventing host cell apoptosis during VACV infec-
tion. Loss of Bak binding appears to have a minor impact on the
ability of F1L to counter apoptosis, whereas loss of Bim binding
correlates with a loss of antiapoptotic activity even if significant
binding to Bak is maintained. By sequestering and preventing nor-
mal BimL functions, F1L can prevent direct activation of both Bak
and Bax. Furthermore, this binding and occlusion can ultimately
promote the release of prosurvival Bcl-2 members, thus indirectly
preventing the oligomerization of Bak and Bax.
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