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ABSTRACT Apoptosis is an important antiviral host defense mechanism. Here we re-
port the identification of a novel apoptosis inhibitor encoded by the vaccinia virus
(VACV) M1L gene. M1L is absent in the attenuated modified vaccinia virus Ankara (MVA)
strain of VACV, a strain that stimulates apoptosis in several types of immune cells.
M1 expression increased the viability of MVA-infected THP-1 and Jurkat cells and re-
duced several biochemical hallmarks of apoptosis, such as PARP-1 and procaspase-3
cleavage. Furthermore, ectopic M1L expression decreased staurosporine-induced (in-
trinsic) apoptosis in HeLa cells. We then identified the molecular basis for M1 inhibi-
tory function. M1 allowed mitochondrial depolarization but blocked procaspase-9
processing, suggesting that M1 targeted the apoptosome. In support of this model,
we found that M1 promoted survival in Saccharomyces cerevisiae overexpressing hu-
man Apaf-1 and procaspase-9, critical components of the apoptosome, or overex-
pressing only conformationally active caspase-9. In mammalian cells, M1 coimmuno-
precipitated with Apaf-1–procaspase-9 complexes. The current model is that M1
associates with and allows the formation of the apoptosome but prevents apoptotic
functions of the apoptosome. The M1 protein features 14 predicted ankyrin (ANK)
repeat domains, and M1 is the first ANK-containing protein reported to use this in-
hibitory strategy. Since ANK-containing proteins are encoded by many large DNA vi-
ruses and found in all domains of life, studies of M1 may lead to a better under-
standing of the roles of ANK proteins in virus-host interactions.

IMPORTANCE Apoptosis selectively eliminates dangerous cells such as virus-infected
cells. Poxviruses express apoptosis antagonists to neutralize this antiviral host de-
fense. The vaccinia virus (VACV) M1 ankyrin (ANK) protein, a protein with no previ-
ously ascribed function, inhibits apoptosis. M1 interacts with the apoptosome and
prevents procaspase-9 processing as well as downstream procaspase-3 cleavage in
several cell types and under multiple conditions. M1 is the first poxviral protein re-
ported to associate with and prevent the function of the apoptosome, giving a
more detailed picture of the threats VACV encounters during infection. Dysregula-
tion of apoptosis is associated with several human diseases. One potential treatment
of apoptosis-related diseases is through the use of designed ANK repeat proteins
(DARPins), similar to M1, as caspase inhibitors. Thus, the study of the novel antiapo-
ptosis effects of M1 via apoptosome association will be helpful for understanding
how to control apoptosis using either natural or synthetic molecules.

KEYWORDS Apaf-1, M1L, ankyrin repeat, apoptosis, apoptosome, caspase-9,
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Apoptosis is a powerful antiviral mechanism (1, 2). There are two classical forms of
apoptosis: extrinsic (mediated by caspase-8) and intrinsic (mediated by caspase-9)

(3, 4). Intrinsic apoptosis often is triggered during virus infection of the host cell (2). In
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this case, there is depolarization and permeabilization of the outer mitochondrial
membrane. Released cytochrome c (cyt c) and dATP then stimulate Apaf-1 oligomer-
ization (3, 5–7). The apoptosome is next formed when monomeric, inactive pro-
caspase-9 proteins are recruited to Apaf-1 oligomers via caspase recruitment domain
(CARD)-CARD interactions (8, 9). In the apoptosome, procaspase-9 can exist as either
homodimers or Apaf-1–procaspase-9 heterodimers. In both cases, procaspase-9 con-
formationally changes to an active state and cleaves procaspase-3 to trigger apoptosis.
Autocleavage of procaspase-9 also occurs after activation, resulting in processed
caspase-9 complexes that retain the ability to cleave procaspase-3 while associated
with Apaf-1 (10, 11). Thus, both unprocessed and processed forms of active caspase-9
can cleave procaspase-3. Activated caspase-3, in turn, cleaves cellular PARP-1 and other
protein substrates, culminating in cell death (4).

Poxviruses are master manipulators of the host, using multiple strategies to evade
apoptosis and other antiviral immune responses (12–14). Wild-type vaccinia virus
(VACV) strain WR is one of the best-studied poxviruses, and it expresses at least five
intracellular antiapoptosis proteins, B13 (SPI-2), F1, N1, B22 (SPI-1), and E3, suggesting
that apoptosis is an important host response to defend against during virus infection
(12). A few other VACV strains (Lister, USSR, and Evans, but not WR) and camelpox
virus encode vGAAP, a protein that inhibits endoplasmic reticulum (ER)-induced
apoptosis (15–17). The current hypothesis is that VACV expresses multiple apoptosis
antagonists to protect against a variety of proapoptotic pathways triggered in different
host cells during an infection in vivo.

Modified vaccinia virus Ankara (MVA) is an attenuated VACV strain that was created
by serially passaging wild-type VACV more than 500 times (18). As a result, approxi-
mately 15% of the VACV genome is deleted or truncated in MVA (19). With respect to
antiapoptosis genes, MVA retains only E3L, F1L, and B22R (19). Despite the presence of
these three genes, MVA infection nevertheless induces apoptosis in several immune cell
types (20–23). Thus, MVA infection of immune cells provides an excellent platform to
identify novel WR-encoded antiapoptosis proteins not encoded by MVA, which have
mechanisms distinct from those of E3, F1, and B22 (24–27).

Ankyrin (ANK) repeats are one of the most abundant motifs in nature (28, 29). These
are 33-residue motifs that form alpha-helical structures and provide platforms for
protein-protein interactions (28). This property has led to the use of designed ANK
repeat proteins (DARPins) as a drug development platform (30, 31). VACV strain WR
encodes at least eight known or predicted ANK proteins, including 005-008 and
211-214 (Copenhagen B25 homologs), 014-017 (variola virus strain Bangladesh D8
homologs), 019 (Copenhagen C9 homolog), 030 (M1), 031 (K1), 186 (B4), 188 (B6), and
199 and 202 (B18) (32, 33). However, only three of the WR ANK proteins (K1, B4, and
B18) have reported functions (34–42). Thus, the study of the remaining ANK proteins is
likely to uncover novel aspects of poxvirus biology.

The goal of this study was to identify a function for the VACV ANK-encoding M1L
gene, a gene with no previously ascribed function that is located within a region of the
WR genome that was deleted during the derivation of MVA. Because multiple natural
and synthetic ANK proteins (e.g., DARPins) inhibit apoptosis (31, 43–46), M1 may
possess this same function. Interestingly, M1 inhibited intrinsic apoptosis under several
conditions and in multiple cell lines. The biochemical hallmarks of the intrinsic apop-
tosis signal transduction pathway were next examined to define the step of the
apoptosis pathway that M1 targets.

RESULTS
Creation and characterization of a recombinant MVA virus containing the M1L

gene. There is no reported function for the WR M1 protein, which is predicted to harbor
14 ANK repeat sequences (32, 33). ANK-containing proteins expressed by polydnavirus
(44) and intracellular bacteria (43, 45) possess antiapoptotic properties, suggesting that
M1 may have a similar function. An initial approach to answer this question was to
capitalize on the fact that MVA infection induces apoptosis in immune cells (20–23). The
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M1L gene is present in wild-type VACV but absent in MVA (19). Thus, if M1L encodes an
antiapoptosis protein, then a recombinant MVA virus engineered to express M1 (MVA/
M1L) was expected to decrease MVA-induced apoptosis.

A two-gene cassette containing the GFP gene (under the control of the poxvirus p11
promoter) and M1L gene (under the control of its natural promoter) was inserted into
the del III region of MVA, an area commonly used for placement of genetic material into
the MVA genome (Fig. 1A). PCR analysis of viral genomes revealed that the M1L gene
was indeed stably inserted into del III using DNA from MVA/M1L-infected cells but not
MVA-infected cells (Fig. 1B). Additionally, a set of primers that are specific to the del III
region (F1 and R1) PCR amplified a 3.3-kb product (Fig. 1B), which is the expected size
of an amplicon if GFP and M1L are present.

Multiple attempts were made to raise polyclonal antiserum against M1 peptides in
rabbits. Each attempt failed; raised antisera did not detect M1 from virus-infected
cellular lysates. Thus, we analyzed virus-infected cells for M1L mRNA using semiquan-
titative reverse transcription-PCR (RT-PCR). M1L is an early gene (47, 48). M1L mRNA is
detected as early as 30 min postinfection (47, 48) and remains detectable until 12 h
postinfection (h p.i.) (47, 49). We chose to examine M1L transcription at 6 h p.i., a time
at which M1L transcription was reported to occur (47, 48). As shown in Fig. 1C, an
M1L-containing amplicon was detected when using RNA isolated from cells infected
with MVA/M1L or the WR strain of wild-type vaccinia virus but not from MVA-infected
or mock-infected cells. These data indicated that the M1L gene was expressed during
infection.
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FIG 1 Creation and characterization of an M1L-expressing MVA virus. (A) Schematic showing insertion of tandem
GFP and M1L genes into the del III region of the MVA genome, in which the GFP gene is under the control of the
poxvirus p11 promoter (p11) and the M1L gene is under the control of its natural promoter (NP). Primers used for
verifying insertion of this GFP-M1L cassette are shown. (B) CEF monolayers were mock infected or infected with
MVA, MVA/M1L, or WR (MOI � 10). At 24 h p.i., infected cells were harvested and lysed. DNA was subjected to PCR
amplification using either the M1F and M1R primer set to amplify the M1L gene or the F1 and R1 primers to PCR
amplify the MVA del III region. A portion of each PCR amplification reaction mixture was separated by agarose gel
electrophoresis, and DNA was visualized using ethidium bromide staining. Reactions were analyzed in the same gel,
and gel images were spliced for labeling purposes. (C) Detection of M1L gene transcription using semiquantitative
RT-PCR. PMA-stimulated THP-1 cells were mock infected or infected with the indicated viruses (MOI � 2). At 6 h
p.i., cells were collected and total RNA was extracted from lysed cells. Total RNA was reverse transcribed into cDNA.
A portion of cDNA was incubated with primers either nested inside the M1L gene or for the actin gene as a control.
A portion of each PCR was analyzed by agarose gel electrophoresis, and PCR amplicons were detected by using
ethidium bromide staining of the gel. Reactions were analyzed in the same gel, and gel images were spliced for
labeling purposes. (D) CEF or RK13 cellular monolayers were infected with MVA, MVA/M1L, or WR (50 PFU/well of
a six-well plate). At 24 h p.i., cells were fixed and incubated in a solution containing anti-vaccinia virus antiserum,
followed by a solution containing HRP-conjugated goat anti-rabbit antiserum. The diameters of at least 10 foci per
condition were measured, and results are presented as the mean focus size � SEM for each sample.
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MVA lacks about 15% of the parental (wild-type) vaccinia virus genome (19). MVA
has a narrow host range due to this loss of genes and only replicates in chicken embryo
fibroblasts (CEFs) and a few other avian cell lines (50). Another vaccinia virus ANK repeat
protein, K1, increases the host range of MVA to include RK13 cells (50, 51). Conse-
quently, we asked if M1L insertion also would increase the MVA host range in a fashion
similar to that of K1L. The formation and size of foci were examined as an indirect
readout for virus replication. This was performed in infected monolayers of CEFs
(permissive for MVA infection) and rabbit RK13 cells (nonpermissive for MVA infection)
(Fig. 1D). The addition of M1L neither increased the size of MVA-based foci in CEFs nor
allowed focus formation in RK13 cells. Of course, this does not rule out the possibility
that M1L may increase the host range in other cell types, and this possibility will be
examined in the future. Nevertheless, the M1L gene product did not increase the host
range of MVA in RK13 cells and therefore had properties distinct from the ANK
repeat-containing K1 protein.

The M1L gene increases viability of MVA-infected cells. MVA infection of primary
antigen-presenting cells (APCs) induces apoptosis (20–23). We used the human mono-
cytic THP-1 cell line to assess the effect of M1L on viability after virus infection. We used
this cell line instead of primary human cells because it removes potential problems with
donor-to-donor variation. For all experiments shown here, THP-1 cells were incubated
with phorbol 12-myristate 13-acetate (PMA) for 48 h to differentiate cells into macro-
phage-like cells. As shown in Fig. 2A, 85% of the mock-infected cells were viable, as
evaluated by trypan blue dye staining. In contrast, MVA infection reduced viability such
that only 23% of cells remained viable. The viability of the cell population increased to
53% during MVA/M1L infection, implying that M1L encoded an inhibitor of cell death.
As a control, a separate set of PMA-matured THP-1 cells was incubated in medium
containing staurosporine (STS), a drug that triggers intrinsic apoptosis (52). As ex-
pected, nearly all THP-1 cells died following STS treatment.

We repeated the above-described assay using a red fluorescent viability dye to
quantify cell viability (Fig. 2B). Using this approach, we observed trends similar to those
shown in Fig. 2A. Mock-infected cells had the highest fluorescence, indicating that a
large percentage of the cell population was viable. This was dramatically decreased by
incubation of cells with STS or infection of cells with MVA. In comparison, MVA/M1L
infection provoked only a slight decrease in fluorescence values compared to those of
mock-infected cells, demonstrating that M1L reduced MVA-induced cell death.

M1 inhibits MVA-induced apoptosis. There are many types of cell death, including
apoptosis, necrosis, and necroptosis (1). Apoptosis has unique biochemical hallmarks,
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FIG 2 M1L increases viability during MVA infection. PMA-stimulated THP-1 cells were either mock infected
or infected with MVA or MVA/M1L (MOI � 5) or incubated in medium containing 1 �M staurosporine (STS).
(A) At 24 h p.i. or post-STS treatment, all cells were collected and cell death was quantified by using a trypan
blue dye exclusion assay. Results are presented as the mean percentage of cells that excluded trypan blue
(live) cells divided by the total number of live and dead cells. Cells from each sample were counted in
triplicate, and data shown here are the mean � SD from three independent experiments. (B) At 24 h p.i.
or post-STS treatment, PrestoBlue reagent was added to the wells. The fluorescence of each well was
quantified using a microplate reader. Results are presented as the mean fluorescence � SD for each
sample. PrestoBlue-based assays were performed in technical triplicate. The graphs shown here represent
data obtained from at least three independent experiments. Asterisks indicate conditions in which the
viability of MVA/M1L-infected cells was statistically different from that of MVA-infected cells (P � 0.05).
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including activation of procaspases, resulting in the cleavage of downstream substrates
of caspases (4). For example, the 116-kDa PARP-1 protein is a preferred substrate for
caspase-3, and PARP-1 cleavage into its 89-kDa and 24-kDa products is a downstream
event in apoptosis that can be detected by immunoblotting (53).

To ask if M1L blocked apoptosis, we infected THP-1 cells with MVA or MVA/M1L and
examined lysates of cells for full-length or cleaved PARP-1, using antiserum that
recognizes both the full-length (116-kDa) and cleaved (24-kDa) PARP-1 (Fig. 3A). In
mock-infected cells, the majority of the detected PARP-1 was the full-length form.
In contrast, treatment of cells with STS, which induces intrinsic apoptosis, resulted in
increased cleaved PARP-1 and decreased full-length PARP-1. Full-length and cleaved
PARP-1 were detected in MVA-infected cells. However, cleaved PARP-1 (24-kDa) was
dramatically decreased when lysates from MVA/M1L-infected cells were compared to
those infected with MVA.

Caspase-3 and -7 are executioner caspases, and their activation occurs upstream of
PARP-1 cleavage. Activation of these two caspases can be quantified using a luciferase-
based assay that detects their proteolytic activity. Figure 3B showed that caspase-3 and
-7 activity was decreased when M1 was expressed during virus infection, indicating that
M1 inhibited apoptosis. When PARP-1 cleavage and caspase-3/7 activity in infected
Jurkat T cells were examined, similar results were observed (Fig. 3C and D). Namely,
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MVA/M1L infection decreased the levels of cleaved PARP-1 (Fig. 3C) and caspase-3 and
caspase-7 (Fig. 3D) activities compared to those after MVA infection. Thus, this anti-
apoptotic function of M1L is not cell type specific. It should be noted that PARP-1
cleavage was more extensive in STS-treated cells than in MVA-infected cells. In contrast,
caspase-3/7 activities were similar between STS-treated and MVA-infected cells. One
expectation is that caspase-3/7 activity would also be increased in lysates from STS-
treated cells compared to MVA-infected cells. One reason for this discrepancy may be
as follows: PARP cleavage was examined at 16 h p.i., while caspase-3/7 activity was
examined at 24 h p.i. For immunoblotting, infected cells were harvested at earlier time
points because we observed reduced amounts of protein levels in samples (due to cell
death) at later time points. Nevertheless, the presence of the M1L gene consistently
decreased apoptotic events in both THP-1 and Jurkat cells.

Jurkat cells are type II cells, in which active caspase-8 feeds into the intrinsic
pathway via its cleavage of Bid, leading to caspase-9-induced apoptosis (54). MVA
infection is reported to activate both intrinsic and extrinsic apoptosis (20–23). We
examined apoptosis in Jurkat cells that are deficient in caspase-8 (C8�/� Jurkat) to
focus solely on M1 inhibition of intrinsic apoptosis (55). In these cells, MVA induced
PARP-1 cleavage and executioner caspase activation (Fig. 3E and F), consistent with
reports that MVA triggers intrinsic apoptosis (22). Because MVA induces both caspase-8
and caspase-9 activation, caspase-3/7 activity was lower in caspase-8-deficient Jurkat
cells than in wild-type Jurkat cells since one pathway that contributes to the apoptotic
phenotype was missing. While M1 inhibition of caspase-3/7 activity was stronger in
wild-type Jurkat cells than in caspase-8�/� Jurkat cells, MVA/M1L inhibition was still
significantly different from MVA inhibition, suggesting that M1 inhibits intrinsic apop-
tosis.

M1 inhibits procaspase-9 processing. Procaspase-9 (47 kDa) is inactive until it
interacts with Apaf-1 in the apoptosome (56). Apaf-1-associated procaspase-9 ho-
modimers then autocleave at Asp315, resulting in processing to 35-kDa and 12-kDa
forms (10, 57). In addition, once activated, caspase-3 can cleave procaspase-9 to
produce a 37-kDa caspase-9 (57). To explore the impact of M1 on procaspase-9
cleavage, a step that follows procaspase-9 activation, lysates from virus-infected cells
were probed by immunoblotting using an antibody that simultaneously detected the
zymogen (47-kDa), autoprocessed (35-kDa), and caspase-3-cleaved (37-kDa) forms of
caspase-9 in the same three cell lines used in Fig. 3. Note that procaspase-9 cleavage
was examined at times postinfection different from those used in the studies illustrated
in Fig. 3 and that procaspase-9 cleavage was examined at different times postinfection
in each cell line. Time course assays were first performed to detect maximal
procaspase-9 cleavage during MVA infection for each cell line (data not shown). Once
this time point was determined for each cell line, we then compared procaspase-9
cleavage in MVA-infected cells with that in MVA/M1L-infected cells. As shown in Fig. 4,
only the 47-kDa form of procaspase-9 was detected in mock-infected THP-1 or Jurkat
cells. MVA infection triggered intrinsic apoptosis, as evidenced by the presence of the
35-kDa form of caspase-9 in THP-1 cells (Fig. 4A). Both the 35- and 37-kDa forms were
detected in MVA-infected Jurkat cells (Fig. 4B and C), reflecting autoprocessing and
caspase-3 cleavage of procaspase-9, respectively. The 37-kDa form was not detected in
THP-1 cellular lysates; this may reflect more efficient procaspase-9 autoprocessing in
these cells. Regardless, the intensities of the 37- and 35-kDa bands were greatly
reduced in MVA/M1L-infected cells, implying that M1 blocked infection-induced
capsase-9 activity.

M1 inhibits biochemical hallmarks of intrinsic apoptosis when it is expressed
independently of infection. We were interested in identifying the portion of the
proapoptotic signal transduction pathway that M1 targets. For these experiments, we
moved away from infections and expressed M1 ectopically. The reason for using this
approach is that MVA encodes at least three other antiapoptotic proteins (F1, B22, and
E3) (19). Thus, expression of these proteins during MVA/M1L infection may make it

Ryerson et al. Journal of Virology

December 2017 Volume 91 Issue 23 e01385-17 jvi.asm.org 6

http://jvi.asm.org


difficult to identify the molecular mechanism of M1. Additionally, MVA infection
triggers apoptosis via both intrinsic and extrinsic apoptosis (20–23, 58, 59). Thus,
moving away from an MVA infection system affords the opportunity to examine
intrinsic apoptosis alone.

HeLa cells were used for transient expression of M1L. With this system, we observed
a 90% transfection efficiency. Additionally, staurosporine (STS) treatment of HeLa cells
stimulates intrinsic apoptosis (60). As observed in the infection system, the 116-kDa
PARP-1 protein was cleaved to a 24-kDa form in STS-treated HeLa cells (Fig. 5). M1
expression greatly decreased the amount of detectable cleaved PARP-1. Similarly,
M1-expressing HeLa cells also decreased detectable cleaved caspase-3 and caspase-9.
Note that the detection of M1, the full-length PARP-1, and the zymogenic forms of
procaspase-3 and -9 decreased slightly over time. Of these proteins, the decrease in
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are representative of at least three independent experiments.
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procaspase-3 perhaps was the most severe. This decrease could not be attributed to
overall protein degradation or uneven protein levels in gels, because actin levels
remained similar between samples. At this time, it is not clear why procaspase-3 levels
would decrease in M1-expressing cells. Nevertheless, in the apoptosis field, it is the
cleaved forms of caspase-3 and -9 that are hallmarks of apoptosis. The presence of
cleaved forms of cellular proteins responsible for apoptosis were lower in M1-
transfected cells than in pCI-transfected cells. Thus, M1 blocked intrinsic apoptosis
triggered by an infection-independent stimulus.

The M1 protein does not prevent mitochondrial depolarization. Depolarization
of the mitochondria often accompanies Bax/Bak-mediated permeabilization of the
outer mitochondrial membrane and cyt c release to the cytoplasm in cells undergoing
intrinsic apoptosis (61). M1-expressing HeLa cells were incubated with tetramethylrho-
damine ethyl ester (TMRE) to gauge mitochondrial polarization during STS treatment.
TMRE is a cell-permeable, positively charged dye that accumulates in active mitochon-
dria, which have a relative negative charge (62). Thus, healthy cells have a higher
fluorescence than cells with depolarized or inactive mitochondria. In untreated cells, no
more than 20% of the population lost fluorescence, indicating that most of the cells
were viable (Fig. 6). STS treatment of these cells increased membrane depolarization to
71% of the cellular population, concomitant with apoptosis. The VACV F1 protein binds
to Bim to prevent mitochondrial outer membrane permeabilization and subsequent
mitochondrial depolarization (25, 63, 64). Only 49% of the F1-transfected cells lost TMRE
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staining after exposure to STS, consistent with F1’s previously reported antiapoptosis
function. In contrast, M1 expression did not inhibit mitochondrial damage: 75% of
M1-expressing cells lost TMRE fluorescence upon STS treatment, similar to empty
vector (pCI)-expressing cells. Both F1 and M1 protein levels were detected by immu-
noblotting to show protein expression. Thus, the M1 protein, while inhibiting
procaspase-9 cleavage, still allowed mitochondrial depolarization.

M1 inhibits yeast cell death induced by expression of mammalian apoptosome
components. Data mentioned above suggested that M1 inhibited the intrinsic apop-
tosis signal transduction pathway at a step downstream of mitochondrial membrane
permeabilization but upstream of procaspase-9 processing. The most likely possibility
was that M1 interfered with apoptosome formation or function.

To further examine this, we used Saccharomyces cerevisiae as a system to reconsti-
tute the apoptosome and study its regulation by M1. In this system, the overexpression
of mammalian apoptosis effectors (e.g., caspases, Bax) are lethal to yeast (65). Thus, this
system can identify direct inhibitors of these proteins by using suppression of lethality
as a readout. For example, coexpression of mammalian Apaf-1, procaspase-9, and
procaspase-3 proteins is sufficient to trigger cell death (Fig. 7A, lane 2) (66). This system
identifies a candidate protein’s ability to interact with mammalian apoptosis inducers
because death is blocked only if an inhibitor acts directly on the proteins used to induce
death (65). For example, the mammalian antiapoptotic Bcl-xL protein blocks mitochon-
drial outer membrane permeabilization by binding to Bax and Bak (3). Expression of
Bcl-xL did not inhibit yeast death when Apaf-1, procaspase-9, and procaspase-3 were
coexpressed, because Bcl-xL acts prior to apoptosome formation (Fig. 7A, lane 4).
However, Bcl-xL inhibited Bax-induced death (Fig. 7A, lane 9), consistent with its mode
of action in mammalian cells (3). The baculovirus P35 protein binds to caspase-9 and
caspase-3 (67, 68) and therefore inhibited Apaf-1/procaspase-9/procaspase-3-induced
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death (Fig. 7A, lane 3) but not Bax-induced death (Fig. 7, lane 8). M1 inhibited lethality
of Apaf-1/procaspase-9/procaspase-3 expression (Fig. 7A, lane 5) but not Bax-induced
death (Fig. 7A, lane 10), suggesting that M1 inhibited death at the level of the
apoptosome.

A separate experiment was performed in which a constitutively active caspase-9
protein (rCasp-9) and procaspase-3 were coexpressed (Fig. 7B). This allows cell death in
an Apaf-1-independent manner, because rCasp-9 has the small and large subunit
orders swapped to mimic the structure of the active caspase (65, 66). Under these
conditions, both M1 (Fig. 7B, lane 5) and P35 (Fig. 7B, lane 3) rescued yeast viability.
These data suggest that M1 interacted with the active form of caspase-9 and that such
interactions were sufficient to block yeast lethality.

The M1 protein coimmunoprecipitates with caspase-9 –Apaf-1 complexes. To
examine the molecular targets of M1, we performed coimmunoprecipitations in 293T
cells ectopically coexpressing epitope-tagged M1, a truncated Apaf-1 (N-Apaf-1; amino
acids [aa] 1 to 559), and a dominant negative (DN) procaspase-9 (C9DN). N-Apaf-1 lacks
the WD40 repressive domain; thus, this construct allows for the formation of an
apoptosome complex in the absence of cyt c (69). C9DN was used instead of wild-type
procaspase-9 to prevent apoptosis and maximize detection of protein-protein interac-
tions. C9DN still binds to N-Apaf-1 and forms homodimers but is not catalytically active
and is not processed (9).

Figure 8A showed that the myc-tagged N-Apaf-1 coimmunoprecipitated with FLAG-
tagged C9DN regardless of M1 coexpression, demonstrating that M1 allowed apopto-
some formation. Interestingly, the V5-tagged M1 protein also coimmunoprecipitated
with FLAG-tagged C9DN, showing that M1 associated with the N-Apaf-1–C9DN com-
plex. Another VACV ANK-containing protein (K1) did not coimmunoprecipitate with the
N-Apaf-1–C9DN complex (Fig. 8A), suggesting the specificity of the M1 ANK repeats for
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the apoptosome. Reverse coimmunoprecipitations were performed in which M1 or K1
were immunoprecipitated (Fig. 8B and C). High backgrounds and nonspecific bands
were observed in Fig. 8B because rabbit IgG was used as an isotype control and the
anti-FLAG and anti-myc antibodies were also from rabbit. Nevertheless, a distinct
C9DN-containing band was detected when M1 was immunoprecipitated, but this band
was absent in empty vector (pCI)-transfected cells. This same blot was reprobed for the
presence of myc-tagged N-Apaf-1, and a unique band was observed at the molecular
weight expected for N-Apaf-1 (Fig. 8B). Figure 8C shows that the epitope-tagged
version of C9DN and N-Apaf-1 did not coimmunoprecipitate with K1. Overall, these
results demonstrate that M1 associates with the apoptosome.

DISCUSSION

Apoptosis is an evolutionarily conserved mechanism to remove infected cells (1).
Many intracellular pathogens possess strategies to prevent apoptosis of infected host
cells. Here we show that M1 is a novel VACV apoptosis antagonist. Expression of M1
inhibited biochemical hallmarks of apoptosis, including PARP-1 and procaspase-3
cleavage induced by either infection with MVA or STS treatment.

Procaspase-9 is a unique initiator caspase. Other initiator caspases like procaspase-8
must be cleaved, separating active subunits in order to achieve optimal catalytic
activity (70). However, a conformational change in procaspase-9 due to Apaf-1 inter-
actions can activate apoptosis without caspase-9 cleavage. Cleavage will occur after
activation but is not necessary for catalytic activity (10). We observed that M1 (i)
coimmunoprecipitated with procaspase-9 and Apaf-1, (ii) prevented procaspase-9 pro-
cessing, and (iii) blocked caspase-9-dependent yeast lethality in the absence of Apaf-1.
Together, these data suggest that M1 interacts with the Apaf-1-associated form of
procaspase-9. Our current model is that M1 allows formation of the apoptosome but
inhibits apoptosome function (e.g., procaspase-9 processing and procaspase-3 cleav-
age). The most likely possibility is that M1 binds to a procaspase-9 region other than the
CARD since M1 does not block procaspase-9 –Apaf-1 interactions and M1 lacks an
obvious CARD domain. These data do not preclude the possibility that M1 may also
bind to Apaf-1. It is unlikely that M1 acts as a competitive substrate for caspase-9
because there are no obvious caspase-9 cleavage motifs in the M1 amino acid se-
quence.

To the best of our knowledge, M1 is the first poxviral protein that targets apopto-
some function. VACV B13 was also reported to interact with caspase-9 in vitro (71, 72).
However, unlike M1, B13 did not inhibit intrinsic apoptosis despite these interactions
(72). Vaccinia virus F1 originally was reported to function upstream of M1, inhibiting
mitochondrial membrane pore formation to prevent apoptosome formation (73). More
recently, it was shown that the N terminus of F1 binds to procaspase-9 to inhibit
recruitment of procaspase-9 to Apaf-1 (74, 75). The physiological relevance of this
interaction was recently called into question when Caria et al. showed that this N
terminus of F1 is dispensable for antiapoptosis function (76). Regardless, M1 appears to
have an inhibitory strategy distinct from that of F1 because F1 prevents apoptosome
formation and prevents mitochondrial depolarization (74, 75) while M1 allows Apaf-1–
procapase-9 interactions and does not suppress depolarization of the mitochondrial
membrane. In addition, the M1 and F1 mechanisms are likely biochemically distinct
because MVA induces apoptosis despite the presence of F1 and the introduction of M1
into MVA results in a virus whose infection is much less apoptotic than MVA.

ANK repeats are one of the most abundant motifs found in nature (28, 29).
Mammalian cells have ANK proteins that either induce or inhibit apoptosis. Cellular
cardiac ankyrin repeat protein Ankrd1/CARP (ASPP1 and ASPP2) promotes apoptosis via
interactions with cellular p53 (77, 78). Murine nucling, an ortholog of the human uveal
autoantigen with coiled-coil domains and ankyrin repeats (UACA) protein, associates
with and promotes apoptosome nuclear translocation to further promote stress-
induced apoptosis (79). In contrast, proteins like human gankyrin, an ANK-containing
oncoprotein often overexpressed in many hepatocellular carcinomas, inhibits apoptosis
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by binding to the Mdm2 E3 ubiquitin ligase, leading to ubiquitination and degradation
of proapoptotic p53 (80, 81). Because these proteins are critical to the survival of
healthy versus damaged cells, synthetic ANKs (DARPins) have been engineered as a
means to control apoptosis (30, 31, 82). New information concerning ANK proteins that
alter apoptosis, such as the novel way that M1 inhibits intrinsic apoptosis at the level
of the apoptosome, could potentially benefit the development of novel DARPins.

There are reports of other ANK-containing proteins with antiapoptosis properties
from viruses, bacteria, and eukaryotes. The Campoletis sonorensis ichnovirus (CsIV)
P-vank-1 protein inhibits caspase-3 activity via an as-yet-characterized mechanism in
the insect Sf9 cell line (44). Like M1, P-vank-1 retains this function independent of
infection (44). Intracellular Coxiella burnetii encodes the AnkG protein, which binds to
the proapoptotic cellular p32 protein to inhibit apoptosis through a currently unchar-
acterized nuclear mechanism (43). Ehrlichia chaffeensis and Ehrlichia canis each express
p200, which is proposed to inhibit apoptosis by binding an adenine-rich motif found in
Alu-Sx elements, a motif found in promoters and introns for various host genes,
including those for apoptosis (83). Each of these ANK-containing proteins has strategies
distinct from M1. This implies that intracellular pathogens have capitalized on manip-
ulating ANK domains to inhibit the predominant proapoptosis signaling pathways
triggered during the infection of different host cell types.

There are myriad non-ANK-containing proteins from viruses, bacteria, and eu-
karyotes that also inhibit intrinsic apoptosis. The cellular Bcl-2 family of proteins, along
with their viral homologs, are well known for their inhibition of mitochondrial permea-
bilization (3). The mitochondria itself are also a popular target for inhibition of intrinsic
apoptosis, with viruses and bacteria both encoding a plethora of proteins to block
cytochrome c release (84, 85). Additionally, there are proteins that target caspases,
which more closely relate to the function of M1. African swine fever virus A224 as well
as effector proteins from Salmonella enterica serovar Typhimurium, Pseudomonas
aeruginosa, Francisella tularensis, and Legionella pneumophila directly or indirectly
inhibits caspase-3 (86–90); however, we demonstrated that M1 inhibited procaspase-9
and therefore functions in a distinct manner. Other proteins function, like M1, directly
on the apoptosome. For example, cellular APIP, Aven, Hsp70, Hsp90, and TUCAN bind
Apaf-1 or procaspase-9 to prevent either Apaf-1 oligomerization or caspase-9 binding
to Apaf-1 oligomers (91–96). M1, on the other hand, allows apoptosome formation and
therefore functions downstream of these inhibitors. Baculovirus P49 interacts with
caspase-9 and works as a direct competitive substrate (97). M1 lacks an obvious
caspase-9 cleavage site, suggesting that M1 functions in a manner distinct from P49.
Mammalian X-linked inhibitor of apoptosis (XIAP) is likely the closest in function to M1,
as it also inhibits apoptosis after formation of the apoptosome. However, XIAP can bind
only to the processed/cleaved form of caspase-9 (98), while M1 inhibited caspase-9
cleavage. Therefore, while targeting the apoptosome is a tactic used by multiple
organisms to inhibit apoptosis, the mechanism employed by M1 is a new poxviral
strategy and gives important insight as to how viruses may control intrinsic apoptosis.

It is striking to observe that VACV WR has multiple weapons in its arsenal to
neutralize myriad proapoptotic events, including mitochondrial membrane permeabi-
lization (F1), caspase-8 activation (B13 and B22), Bid cleavage (N1), and PKR-induced
apoptosis (E3) (99). M1 is now the sixth weapon of this intracellular arsenal, acting at
the level of the apoptosome for its antagonistic function. One favored hypothesis is
that each of these antiapoptosis proteins is necessary during infection of numerous
different cell types in vivo to neutralize the multiple intracellular responses (e.g., virus
infection itself) and extracellular responses (e.g., tumor necrosis factor [TNF], cytotoxic
T cells) to infection. For example, while MVA encodes inhibitors of intrinsic apoptosis
that work upstream of M1 function (F1 and N1), apoptosis can still be induced in certain
immune cells by MVA (20–23). However, MVA does not induce apoptosis in other
nonimmune cell types (59). This supports the hypothesis that each VACV inhibitor of
apoptosis functions in a nonredundant fashion and highlights the key role M1 plays to
dampen the host response during VACV infection.
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MATERIALS AND METHODS
Cell lines. Human cervical carcinoma (HeLa) cells, human embryonic kidney 293T (293T) cells, and

human acute monocytic leukemia (THP-1) cells were obtained from the American Type Culture Collection
(ATCC). Rabbit kidney (RK13) cells were a kind gift from Grant McFadden (Arizona State University).
Chicken embryo fibroblasts (CEFs) were obtained from Charles River Laboratories. Wild-type and
caspase-8 knockout Jurkat cells were obtained from Ralph Budd (University of Vermont). HeLa and 293T
cells were cultured in Eagle’s minimal essential medium (EMEM) supplemented with 10% fetal bovine
serum (FBS) and 2 mM L-glutamine. HeLa and 293T cells were cultured in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% FBS and 2 mM L-glutamine. THP-1 and Jurkat lines were
cultured in RPMI 1640 medium supplemented with 10% FBS and 2 mM L-glutamine. For all experiments
using THP-1 cells, cells were differentiated with medium containing 100 ng/ml phorbol 12-myristate
13-acetate (PMA; Sigma) for 48 h prior to infection.

Plasmids and transfections. Plasmid pM1L-V5 was created by PCR amplification of the VACV strain
WR M1L gene in which a Kozak sequence was engineered onto the N terminus of M1L and a V5 epitope
tag sequence was engineered onto the C terminus of the gene. The M1L open reading frame (ORF) was
amplified using the primers 5=-TAAGAATTCGCCACCATGGCTATATTTGTTATAGAG-3= and 5=-GGT ACC TTA
tgt aga atc aag acc aag tag agg att agg gat agg ttt tcc AAA ATA ATC ATC-3=, containing the EcoRI and
KpnI restriction enzyme sites (in italics), Kozak (in underlined italics) and stop codon (underlined)
sequences, and the V5 sequence (lowercase). The amplicon was cloned into plasmid pCI (Promega). A
synthetic M1L gene with codons optimized for E. coli expression was purchased from Bioneer Pacific (Kew
East, Victoria, Australia), and the coding region was amplified using the following primers: 5=-GCGGAT
CCGCCATGATCTTCGTTATTGAAAG-3= and 5=-GCCTCGAGCTAAAAATAGTCATCAAAAAC-3=. The product
was cut with BamHI and XhoI and ligated into pGALL-(TRP1)-MCS for yeast expression (100). pF1L-FLAG
encodes a FLAG-tagged F1 protein and has been described previously (73). Plasmid pC9DN-FLAG
contains a C287S mutation of procaspase-9. Therefore, this plasmid expresses a dominant negative
mutant procaspase-9 protein that interacts with Apaf-1 but lacks enzymatic activity. pN-Apaf-1-myc
expresses the N-terminal region (aa 1 to 559) of Apaf-1 that interacts with caspase-9 (69). Both
pC9DN-FLAG and pN-Apaf-1-myc were kind gifts from Gabriel Núñez (University of Michigan). Plasmid
pHA-K1L expresses a hemagglutinin (HA)-tagged K1 protein and has been described previously (34, 37).
All mammalian expression plasmids were transiently transfected into cells using the TransIT 2020 reagent
(Mirus) in accordance with the manufacturer’s instructions.

Creation and characterization of MVA/M1L viruses. The modified vaccinia virus Ankara (MVA)
strain of VACV was obtained from Bernard Moss (National Institutes of Health) (19). An MVA virus
containing the M1L transcriptional unit (MVA/M1L) was created by using homologous recombination in
CEFs. The M1L gene and its natural promoter were PCR amplified from purified vaccinia virus strain WR
DNA using primers 5=-ACCGGATCCTTCTTGACATAAAAG-3= and 5=-CTCTCTATGAATCATCATCTGTTCC-3=.
The resultant PCR product was inserted into pLW44 (provided by Bernard Moss, National Institutes
of Health) in a multiple-cloning site (MCS) directly downstream of the GFP gene to create pLW44/M1L.
pLW44/M1L retained the GFP gene linked to the vaccinia virus p11 promoter but lacked the adjacent
vaccinia virus modified H5 promoter that might have otherwise influenced the expression of the inserted
M1L gene. Green fluorescent protein (GFP) expression was used as a stable screening marker during
isolation. Sequence analysis of a representative plasmid indicated that no new mutations had been
introduced into the amplicon. MVA/M1L viruses were generated when recombination occurred between
the homologous del III regions in both the MVA genome and pLW44/M1L in cells that were infected and
transfected. Cells were infected with MVA (multiplicity of infection [MOI] � 0.05 PFU/cell) and then
transfected with pLW44/M1L. Using this approach, the M1L gene and a GFP gene would be inserted into
the del III region of MVA. After a 48-h incubation period, cells were collected and subjected to three
freeze-thaw cycles to release viruses. Serial dilutions of viruses were inoculated onto CEF monolayers, and
then monolayers were incubated in medium containing 0.5% methylcellulose. Recombinant viruses were
selected based on the development of GFP-expressing foci. Four rounds of plaque purification were
performed. The presence of the M1L gene in the MVA del III region and the lack of contaminating
parental viral DNA were verified by PCR analysis of the isolated viruses’ genome, using primers that were
specific for a site either flanking the del III region or present in and unique to the M1L gene. The primer
sets used were the following: M1F (5=-CATCGAATACTTCGTAAGATACTCC-3=) and M1R (5=-GAGAGTAAA
TTGTTGCAAAATATACAGAAA-3=) to detect M1L, and F1 (5=-GTAACAAAAGTATTGGTAATCGTGTC-3=) and
R1 (5=-GAATCTACTCATCTAAACGATTTAG-3=) to PCR amplify the del III region to ensure that M1L was
inserted in the correct region. PCR products were analyzed by agarose gel electrophoresis, and amplicons
were detected by staining the gel with an ethidium bromide solution (Pierce).

The expression of the M1L gene was detected by using semiquantitative RT-PCR. PMA-simulated
THP-1 cells were either mock infected or infected with MVA, MVA/M1L, or WR at an MOI of 2. At 6 h p.i.,
RNA was collected using an RNeasy minikit (Qiagen), by following the manufacturer’s instructions. From
each sample, 500 ng of RNA was reverse transcribed into cDNA as follows. First, total RNA for each sample
was incubated with 0.5 �g of oligo(dT) primer (IDT) at 70°C for 5 min, followed by a 5-min incubation
at 4°C to anneal primers. Next, samples were reverse transcribed into cDNA using 10 U/�l of Moloney
murine leukemia virus (M-MuLV) reverse transcriptase (New England BioLabs). Ten microliters of template
cDNA from each sample was used for PCR amplification, using a Mastercycler (Eppendorf) and Go Taq
Flexi DNA polymerase (Promega), per the manufacturer’s instructions. Primers designed to amplify M1L
were 5=-CGAGTATTATCTATCTCTTTATG-3= and 5=-GTTTATATGAAGTAAAGTATC-3=. Primers to amplify
�-actin were 5=-AGTTGCGTTACACCCTTTCT-3= and 5=-ACCTTCACCGTTCCAGTTT-3=. PCR conditions for
M1L were 1 cycle at 95°C for 2 min; 25 cycles at 95°C for 45 s, 41°C for 30 s, and 72°C for 90 s; and 1 cycle
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at 72°C for 5 min. PCR conditions for �-actin were 1 cycle at 95°C for 2 min; 25 cycles at 95°C for 45 s,
54°C for 45 s, and 72°C for 20 s; and 1 cycle at 72°C for 5 min. PCR products were analyzed by agarose
gel electrophoresis, and amplicons were detected by staining the gel with an ethidium bromide solution
(Pierce).

Immunostaining and quantification of focus formation in infected cellular monolayers. CEF or
RK13 cellular monolayers in six-well plates were infected (MOI � 50 PFU/well) with either MVA,
MVA/M1L, or WR. After 24 h, infected monolayers were fixed and permeabilized with methanol-acetone
(1:1) for 2 min at room temperature. Cells were then washed with phosphate-buffered saline (PBS) and
incubated for 1 h at room temperature with anti-vaccinia virus antiserum (1:1,000; Accurate Chemical and
Scientific Corp., catalog no. YVS8101) in PBS containing 3% FBS. After two washes with PBS, fixed
monolayers were incubated with horseradish peroxidase (HRP)-conjugated anti-rabbit antiserum (1:
1,000; Calbiochem) in PBS containing 3% FBS for 1 h at room temperature. Cells were washed two times
with PBS, and foci were visualized using PBS containing o-dianisidine (Sigma) and 0.2% H2O2. Images of
foci were taken using a Powershot SD1300 IS camera (Cannon). The diameters of foci were measured by
using Image J software. Pixels were scaled to millimeters by determining the number of pixels needed
to draw 1 mm using a ruler as a reference, and foci were subsequently measured using this scale. Focus
size is represented as the mean size � standard error of the mean (SEM) of 35 (CEF) or 10 (RK13) foci per
sample. The Student t test was used to determine statistically significant differences in size among
experimental conditions.

Viability assays. For trypan blue exclusion assays, PMA-stimulated THP-1 (1 � 106) cells in 12-well
plates were mock infected, infected at an MOI of 5, or treated with 1 �M staurosporine (STS; Selleck
Chemicals) for 24 h. Detached and adherent cells were collected, centrifuged (250 � g, 5 min), and
resuspended in complete medium. An aliquot was mixed 1:1 with trypan blue dye (Thermo Scientific).
Cells were counted by using a hemocytometer (Fisher), and viability was calculated as the percent-
age of cells that excluded trypan blue divided by the total number of cells. Results are represented
as the mean � standard deviation (SD). The Student t test was used to determine statistically significant
differences in cellular viability among experimental conditions.

For PrestoBlue assays, PMA-stimulated THP-1 (5 � 104) cells in a 96-well plate were infected at an MOI
of 5 or were treated with 1 �M STS in a total volume of 90 �l. At 24 h after infection or STS incubation,
10 �l of PrestoBlue dye (Invitrogen) was added to each well and incubated at 37°C for 5 h before
fluorescence was recorded (560/590 excitation/emission) using a SpectraMax M2 microplate reader
(Molecular Devices). Viability is represented as the mean fluorescence intensity � SD. The Student t test
was used to determine statistically significant differences in cellular viability among experimental
conditions.

Detection of PARP-1 and procaspase cleavage by using immunoblotting. For assays involving
infections, cells were either mock infected or infected with MVA or MVA/M1L for the times indicated in
each figure legend. Infections of adherent PMA-stimulated THP-1 cells were performed by removing
PMA-containing medium and inoculating monolayers with medium containing viruses. For infection of
the Jurkat suspension cell lines, cells were first concentrated by centrifugation (250 � g, 5 min),
resuspended, and then counted prior to infection. The absorption phase of infection for Jurkat cells
occurred in a small volume at 37°C. After the absorption phase, Jurkat cells were centrifuged (250 � g,
5 min), supernatants were removed, and infected cells were resuspended in complete medium and
transferred to 12-well tissue culture plates. For transfection assays, subconfluent HeLa cellular monolay-
ers in six-well plates were transfected with 1,000 ng of either pCI, pM1L-V5, or pF1L-FLAG. At 24 h
posttransfection, cells were incubated in medium lacking or containing 0.5 �M STS (Selleck Chemicals)
for 2, 4, or 6 h.

For both infected and transfected cells, cells were collected and cellular pellets were lysed in 100 �l
RIPA buffer (150 mM NaCl, 1% sodium deoxycholate, 1% NP-40, 0.1% SDS, and 0.01 M Tris-HCl)
containing Halt protease inhibitor (Thermo Scientific) for 20 min at 4°C. Cellular lysates were then
centrifuged (18,000 � g, 10 min). Clarified supernatants were collected and transferred to new tubes. The
protein concentration of lysates from each sample was determined using the BCA protein assay kit
(Pierce). Thirty micrograms of protein from each lysate was incubated with 5� nonreducing lane marker
(Thermo Scientific) and 2 �l of 2-mercaptoethanol (Fisher Scientific), boiled for 5 min, and then separated
using SDS-PAGE. Proteins were transferred to polyvinylidene difluoride (PVDF) membranes (Millipore),
and membranes were incubated in 5% (wt/vol) milk in Tris-buffered saline and Tween 20 (TBST; 150 mM
NaCl, 50 mM Tris base, and 0.05% Tween 20) for at least 30 min at room temperature. Membranes were
incubated with the indicated primary antibodies overnight at 4°C. Next, membranes were washed three
times in large volumes of TBST and incubated with the appropriate HRP-conjugated secondary antibod-
ies. Immunoblots were developed by using chemiluminescence reagents (Thermo Scientific and Amer-
sham) according to the manufacturer’s instructions, and images were detected by autoradiography.

Primary antibodies used in these experiments were the following: anti-PARP-1 (1:1,000; Santa Cruz,
sc-25780), anti-caspase-3 (1:1,000; Cell Signaling, 9665), and anti-caspase-9 (1:1,000; Cell Signaling, 9502).
These antibodies were chosen because they detect both nonprocessed and cleaved forms of PARP-1,
caspase-3, and caspase-9, respectively. Other antibodies used included mouse monoclonal anti-E3L
(1:5,000; a gift from Stuart Isaacs, University of Pennsylvania), anti-V5 (1:5,000; Millipore, AB3792),
anti-FLAG (1:2,000; Sigma, F7425), and anti-�-actin (1:5,000; Sigma, A5060). Secondary HRP-conjugated
antibodies were obtained from either Calbiochem (goat anti-rabbit IgG; 1:10,000) or Thermo Scientific
(goat anti-mouse IgG; 1:5,000).

Detection of caspase-3/7 activity. Wild-type or caspase-8-deficient Jurkat cells (1 � 103) or
PMA-stimulated THP-1 cells (1 � 104) were infected at an MOI of 2 or treated with 1 �M STS (Selleck
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Chemicals) in a total volume of 50 �l in a 96-well plate. At 24 h p.i., 50 �l of Caspase-Glo 3/7 substrate
(Promega) was added to each well. Plates were incubated in the dark at 37°C for 1 h before luciferase
activity was recorded using a SpectraMax M2 microplate reader (Molecular Devices). All experiments
were performed in triplicate. For each sample, background medium levels were subtracted and triplicate
results were averaged. The resultant values were then normalized to that of mock-infected cells, whose
value was set to 1. Values are shown as the mean normalized luminescence � SD. The Student t test was
used to determine the statistical significance of decreased luminescence of MVA/M1L-infected cells
compared to the luminescence of MVA-infected cells.

TMRE staining to detect mitochondrial membrane potential. Subconfluent HeLa cells in six-well
plates were transfected with 1,000 ng of either pCI, pM1L-V5, or pF1L-FLAG. At 24 h posttransfection,
cells were incubated in medium either lacking or containing 5 �M STS (Selleck Chemicals) at 37°C. After
2 h, medium was removed and cells were incubated with fresh medium containing 0.2 �M tetrameth-
ylrhodamine ethyl ester (TMRE; Thermo Fisher) for 30 min at 37°C. Cells were harvested by trypsinization,
collected by centrifugation (500 � g, 5 min), resuspended in PBS containing 2% FBS, and incubated on
ice. Next, samples were analyzed by using a BD FACSCanto II (BD Biosciences) equipped with 488-nm and
633-nm lasers. TMRE dye was excited by the 488-nm laser, and its fluorescence was captured using the
585/42 nm bandpass filter. At least 10,000 events (live and apoptotic cells) were collected for each
sample. Cell doublets and debris, identified on the basis of their scatter characteristics, were excluded
from analysis. Data analysis was performed using FCS Express 6 (De Novo Software). The percent
apoptosis was calculated as the percentage of cells that had low fluorescence divided by the total
number of cells. A separate portion of each sample was instead lysed in 100 �l RIPA buffer (150 mM NaCl,
1% sodium deoxycholate, 1% NP-40, 0.1% SDS, and 0.01 M Tris-HCl) containing Halt protease inhibitor
(Thermo Scientific) for 20 min at 4°C. Cellular lysates were then centrifuged (18,000 � g, 10 min), clarified
supernatants were collected, and 30 �g of protein was used to assess protein expression levels via
immunoblotting.

Yeast death assays. The Saccharomyces cerevisiae yeast strain W303� was transformed and analyzed
in survival assays as previously described (65). Plasmids directing yeast expression of caspase-3 (101),
caspase-9 (102), reverse caspase-9 (66), Bcl-xL (103), and Bax (100) have been previously described.
Construction of the M1L yeast expression plasmid is outlined above. pGALL-(HIS3)-ApafFL was
created by first inserting an internal HindIII fragment of the Apaf-1 coding region into pGALL-
(URA3)-Apaf1–530 (102) and then adding a PCR-generated SpeI/NotI fragment encompassing the 3=
portion of the coding sequence. An EcoRI/NotI fragment containing the 3= part of the compiled open
reading frame was then ligated into pGALL-(HIS3), which followed a EcoRI/EcoRI fragment contain-
ing the remaining 5= section.

Coimmunoprecipitations. Subconfluent 293T cellular monolayers in six-well plates were transfected
with 500 ng C9DN-FLAG, 500 ng N-Apaf-1-myc, and 1,000 ng of either pCI, pM1L-V5, or pHA-K1L. At 24
h posttransfection, cells were detached from plates by scraping and collected by centrifugation
(18,000 � g, 1 min). Cellular pellets were resuspended in 150 �l NP-40 lysis buffer (142.5 mM NaCl, 5 mM
MgCl2, 10 mM HEPES [pH 7.2], 1 mM EGTA, and 0.2% NP-40) containing Halt protease inhibitor (Thermo
Scientific) for 30 min at 4°C. Cellular lysates were then centrifuged (18,000 � g, 10 min). Fifty-microliter
volumes of the supernatants were set aside and used to detect protein expression levels via immuno-
blotting. The remaining 100 �l of the clarified lysates was used for immmunoprecipitations (IP) to detect
protein-protein interactions. For IPs, clarified lysates were precleared for 1 h with 50 �l of protein
G-Sepharose beads (Invitrogen) at 4°C with rotation. Beads were collected by centrifugation (18,000 �
g, 1 min), and clarified lysates were incubated overnight with 1 �l of either anti-FLAG (Sigma, F3165),
anti-V5 (Cell Signaling, 13202), or anti-HA (Sigma, H9658) antibody or the appropriate IgG isotype control
(mouse [Sigma, I5381]; rabbit [Cell Signaling, 3900]) with constant rotation at 4°C. The next day, 50 �l of
protein G-Sepharose beads (Invitrogen) was added to the samples and rotated at 4°C for another 4 h.
Beads were collected by centrifugation (18,000 � g, for 1 min) and washed four times with 750 �l of
NP-40 lysis buffer. Pelleted bead-protein complexes were resuspended in 33 �l of 2� Laemmli buffer
containing 10% 2-mercaptoethanol and boiled for 5 min. Fifteen microliters of each sample was then
analyzed for the presence of proteins using immunoblotting. Primary antibodies and concentrations
used for these experiments were as follows: anti-FLAG, 1:2,000 (Sigma, F7425); anti-myc, 1:2,000 (Cell
Signaling, 2272); anti-V5, 1:5,000 (Millipore, AB3792); anti-HA, 1:10,000 (Cell Signaling, 3724); and
anti-�-actin, 1:5,000 (Sigma, A5060).
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