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Among the repertoire of immunoregulatory proteins encoded
by myxoma virus, M013 is a viral homologue of the viral pyrin
domain-only protein (vPOP) family. In myeloid cells, M013 pro-
tein has been shown to inhibit both the inflammasome and
NF-�B signaling pathways by direct binding to ASC1 and
NF-�B1, respectively. In this study, a three-dimensional homo-
logy model of the M013 pyrin domain (PYD) was built based on
similarities to known PYD structures. A distinctive feature of
the deduced surface electrostatic map of the M013 PYD is the
presence of a negatively region consisting of numerous aspar-
tate and glutamate residues in close proximity. Single-site muta-
tions of aspartate and glutamate residues reveal their role in
interactions with ASC-1. The biological significance of charge
complementarity in the M013–ASC-1 interaction was further
confirmed by functional assays of caspase-1 activation and sub-
sequent secretion of cytokines. M013 also has a unique 33-resi-
due C-terminal tail that follows the N-terminal PYD, and it is
enriched in positively charged residues. Deletion of the tail of
M013 significantly inhibited the interactions between M013
and NF-�B1, thus compromising the ability of the viral protein
to suppress the secretion of pro-inflammatory cytokines. These
results demonstrate that vPOP M013 exploits distinct structural
motifs to regulate both the inflammasome and NF-�B pathways.

Molecular mimicry by pathogens, including viruses, can be
exploited for the modulation of the host immune system in a
fashion that favors the virus. In turn, host organisms have
evolved their own immune strategies to overcome viral
countermeasure mechanisms. Thus, characterization of viral
anti-immune evasion mechanisms can provide insight into
virus-host immunology (1). Poxviruses encode a diverse array

of immunomodulatory proteins that is a reflection of their evo-
lutionary history. These viral proteins target and subvert mul-
tiple elements of the innate immune machinery and play a fun-
damental role in virus replication and pathogenesis (2, 3).
Members of the Poxviridae family include a diverse group of
virus members, which infect a wide range of hosts. Among
these, myxoma virus (MYXV)6 is an antecedent member of the
genus Leporipoxvirus that also includes rabbit (Shope) fibroma
virus, hare fibroma virus, and squirrel fibroma virus (4). MYXV
causes a rapid systemic and lethal infection called myxomatosis
in the European rabbit (Oryctolagus cuniculus) (4, 5). The man-
ifestation of this vector-transmitted lethal disease in rabbits
occurs in the form of extensive fulminating internal and exter-
nal lesions and severe immunosuppression accompanied by
supervening Gram-negative bacterial secondary infections of
the respiratory tract. Among the considerable repertoire of
immunomodulatory proteins encoded by MYXV, ORF M013L,
known as M013, is a member of the PYD superfamily (6, 7) and
is referred to as a viral pyrin-only protein (vPOP). It has been
studied previously as an effector of immune evasion and inhib-
its the innate immune responses in rabbits (6). However, its
immunomodulatory activities have been shown to be fully
operative in both human and rabbit cells, suggesting strong
conservation of the host cell innate immune targets of this
vPOP (6, 8).

The 126-residue M013 protein is a strong antagonist of
inflammasome activation via direct interactions with ASC-1
(apoptosis-associated speck-like protein containing caspase-
recruitment domain 1) (6). The inflammasome, a multiprotein
assembly, is a key component of innate immunity and is found
principally in myeloid cells. Activated inflammasomes are com-
posed of at least one pathogen sensor protein and a caspase,
plus the adapter protein ASC-1. Inflammasomes are formed in
response to pattern- and/or danger-associated molecular pat-
terns and activate inflammatory caspases such as caspase-1
and/or -11 (9 –11). Inflammasome-mediated activation of
caspases leads to the proteolytic cleavage and secretion of spe-
cific cytokine precursors into mature pro-inflammatory cyto-
kines, such as interleukin (IL)-1� and IL-18. Activation of
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inflammasomes is under the regulatory control of pyrin
domains (PYD) (also known as PAAD/DAPIN) proteins, which
adopt a death-domain fold. Human PYDs have a tertiary struc-
ture of six to seven tightly coiled �-helices arranged in a “Greek
key” fold to allow homotypic and heterotypic protein interac-
tions (12, 13). ASC-1 contains both a pyrin domain and a
caspase-recruitment domain, whereas regulatory PYDs include
the cellular pyrin-only proteins (cPOPs) (13, 14). cPOPs are
endogenous inhibitors and regulatory proteins that possess sin-
gle pyrin domains. Human cPOP1 and cPOP2 both have an
inhibitory action on NF-�B signaling, and both inhibit the
interaction between inflammasome ASC-1 and pathogen sen-
sor molecules (13). The cPOP1 (also known as ASC-2), inter-
acts with I�B kinase � and is postulated to prevent the down-
stream phosphorylation of I�B� (15). In addition to its
interaction with ASC-1, cPOP2 also blocks NF-�B activation by
interfering with nuclear import (16). M013 protein was shown
to interact directly with ASC-1, although the mechanism by
which M013 and cPOPs regulate signaling remains unknown.

In addition to the antagonism of the inflammasome, M013
protein also regulates NF-�B signaling via direct binding to
NF-�B1 p105 (8). Like the inflammasome, the NF-�B pathway
acts as a central regulator of cellular responses in normal phys-
iology and disease. Activation of the NF-�B complex in
response to signals detected by various sensors/receptors such
as those triggered by cytokines (e.g. TNF receptor) or pattern
recognition receptors (e.g. Toll-like receptors, nucleotide-bind-
ing oligomerization domain-like receptors, etc.) mediates the
degradation of I�B�. This degradation leads to the nuclear
translocation of p50, p65, and c-Rel– containing dimers that
activate the transcription of downstream pro-inflammatory
and anti-viral genes (17–19). NF-�B signaling not only operates
as an effector of anti-pathogen responses, but this transcrip-
tional regulator also plays a role in a wide variety of other con-
ditions, including cancer (18, 20, 21). The functional impor-
tance of M013 was determined by experiments in which the
M013 gene knocked out by insertional disruption, and the
resulting virus (vMyxM013-KO) was unable to infect rabbit
leukocytes productively (6). In myxoma virus, M013 is the only
confirmed antagonist of NF-�B signaling identified thus far. It
protects the inhibitor of NF-�B (I�B�) from degradation, dis-
rupting the NF-�B signaling cascade by binding to and prevent-
ing degradation of NF-�B1 p105 (8).

In contrast to parental MYXV, infection of human THP-1
monocytic cells with the vMyxM013-KO virus induced rapid
and dramatic secretion of pro-inflammatory cytokines associ-
ated with NF-�B pathway, such as TNF, IL-6, and MCP-1.
Infecting THP-1 cells with vMyxM013-KO virus led to the acti-
vation of the I�B kinase kinases and degradation of I�B� at an
early phase of infection, resulting in the activation and nuclear
translocation of NF-�B (8). In addition, the M013 protein was
shown to interact directly with ASC-1, an integral component
of the cellular inflammasome complex and inhibited caspase-1
activation and the processing of pro-inflammatory cytokines
IL-1� and IL-18 (6). Secreted proteins to block the activity of
these pro-inflammatory cytokines have not been identified in
myxoma virus, despite their presence in other orthopoxviruses
(22). After infection with myxoma virus, M013 binds host

ASC-1 protein in both rabbit and human cells to inhibit the
subsequent activation of the inflammasome complex (6). The
current working model for this inhibition is that M013 protein
becomes positioned as a competitive inhibitor in the complex
somewhere between ASC-1 and pro-caspase-1, but there have
been no structural studies of these larger complexes to date.
Evidence for the importance of charged residues in PYRIN
domain homotypic interactions has been demonstrated in
ASC-1 but remains to be elucidated for vPOPs (23).

In this study, we report that site-directed mutants of the
M013 vPOP protein can selectively inhibit one pathway over
another by specifically interfering with interactions between
ASC-1 and/or NF-�B1. We found that mutation in selected
charged residues of M013 pyrin domain diminished the inter-
action between M013 and ASC-1. On the other hand, deletion
of a C-terminal tail region selectively reduced the protein–
protein interactions between M013 and NF-�B1. These selec-
tively deficient mutants of M013 offer the prospect of uniquely
inhibiting either the inflammasome and/or NF-�B signaling
pathways in vitro or in vivo.

Results

M013 homology modeling and mutagenesis rationale

The amino acid sequence of M013_PYD was aligned to the
known host cPOPs and selected other cellular pyrin domain–
containing proteins using Clustal Omega (24). There is modest
conservation of hydrophobic residues in the predicted six-helix
bundle of M013, especially in �-helix 2 (Fig. 1A). Overall,
M013_PYD exhibits very low sequence identities and similari-
ties to cellular pyrins. To provide more insight into sequence-
structure relationships, a three-dimensional model was built
under the presumption that M013 adopted a conventional
pyrin domain fold. The Consensus and Homology suites in the
software MOE were used to align the M013 sequence with
known structures (25). The pyrin domain of myeloid cell
nuclear differentiation antigen (Protein Data Bank code 2DBG)
was ultimately used to thread the sequence of M013 into the
pyrin fold. An energy minimization was performed to relieve
mild steric repulsions. An independent model of M013 using
Robetta software (26) resulted in a similar overall three-dimen-
sional model, with the core of the six �-helices relatively con-
served and modest changes in the size of the connecting loops.
More details are provided in Fig. S1.

Strikingly, the model of M013 reveals a negatively charged
cluster with numerous aspartate and glutamate residues (Fig.
1B). This predicted feature is unique to M013 and lies on the
type 1b face of the pyrin domain (27, 28). The predominance of
negative charges confer an estimated pI of 4.6 for the pyrin
domain of M013 (residues 1–93). The identical face of the pyrin
domain in all other known structures lacks this feature (Fig. S2),
suggesting that residues comprising this negatively charged
face may be important for the distinct functions of M013. A
second unique aspect of the viral M013 POP is an extended tail
at the C terminus (residues 94 –126). Based on these distinct
sequence and structural considerations, a series of site-directed
and truncation mutants were generated to understand the
molecular basis for M013 modulatory functions. Selected
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Figure 1. A, multiple sequence alignment of viral and cellular pyrin domains. Amino acids are colored by their aliphatic (gray) or hydrophilic properties
(red, negative; blue, positive; magenta, polar), except where sequence conservation is observed (background shading). The relative extent of conserva-
tion is represented as a color gradient from cyan (low) to red (high). The PYD helices (cylinders) correspond to the structure of myeloid cell nuclear
differentiation antigen (MNDA; Protein Data Bank code 2DBG). Black dots denote the key negatively charged residues (Glu-28, Asp-29, Asp-41, and
Asp-57) that are discussed under “Results.” The positively charged tail of M013 and S013 is annotated along with the conserved Arg/Lys residues
(blue �). B, homology modeling of the pyrin domain of M013. Left panel, ribbon model of the six �-helices (residues 1–93). Right panel, corresponding
surface electrostatic representation of the same view, with red and blue indicating negative and positive charges, respectively. The view is looking direct
at the type Ib face of the pyrin domain. Asp-41 resides at the end of �4 on the opposite face from the current view and is not visible on the electrostatic
surface (denoted by the arrow).
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aspartate and glutamate residues were mutated to asparagine
and glutamine, respectively. In addition, a truncation mutant of
M013 comprising the pyrin domain (residues 1–93; henceforth
referred to as M013PYD) was also generated to understand the
contribution of this novel domain to M013 antagonism of
innate immunity.

M013 mutants interact with differential affinity to ASC-1 and
NF-�B1

Monocytes and macrophages are the primary cells express-
ing the genes associated with active inflammasomes (29). To
assess how WT M013 (WT-M013) or M013 mutants interact
with the endogenous ASC-1 or NF-�B1 in human myeloid cells,
we performed in vitro transfection and co-IP assays in THP-1
monocytic leukemia cells (30). The cells were transfected with
WT-M013 or mutant plasmid DNA that allows expression of
each protein in cells infected with MYXV: that is, the mutant
protein expression is under the control of a poxvirus synthetic
early/late promoter (pSE/L). 18 h after plasmid transfection,
the cells were infected with MYXV from which the M013 gene
had been disrupted (vMyx-M013KO), so that the only M013
protein expressed was from the transfected plasmid. To deter-
mine whether an early or late expression of M013 optimally
modulates the interaction of M013 with ASC-1 or NF-�B1 and
thereby the immune activation of these pathways, we chose to
test at time points 6 and 24 h after virus infection (22). To
determine the role of specific charged residues, we focused our
attention on the selected single mutations (Table 1). Because
the function of C-terminal region of M013 is unknown, we
deleted the last 33 residues (residues 94 –126) of M013 to gen-
erate the pyrin-only variant, M013PYD.

Western blots were used to evaluate the level of M013 pro-
teins expressed 6 h after virus infection (Fig. 2A). WT-M013
was expressed robustly, and the C-terminal deletion M013PYD

and E28Q were readily detectable at this time point (Fig. 2A,
lanes 2, 4, and 5), whereas weak or no protein levels were
observed for mutants D29N, D57N, and D41A (Fig. 2A, lanes
6 – 8), suggesting that these mutant proteins did not accumu-
late at this early time point. On the other hand, 24 h after virus
infection, WT-M013, and all of the mutant proteins were com-
parably expressed in THP-1 cells (Fig. 2B, lanes 2– 8). To detect
interaction between the expressed V5-tagged M013 proteins
and endogenous ASC-1, co-immunoprecipitation of cell lysate
was performed using anti-V5 antibody to pull down M013. Sub-
sequently, the levels of bound ASC-1 (�22 kDa) was assessed by
anti-ASC-1 antibody by a Western blotting. The co-immuno-

precipitation assay for the cell lysates at 6 h postinfection
(h.p.i.), revealed the strong interaction between ASC-1 and
WT-M013 and the mutants D41A and M013PYD (Fig. 2C,
lanes 2, 6, and 7). In the cell lysates harvested at 24 h.p.i.,
WT-M013, M013PYD, and D41A interacted strongly with
ASC-1 (lanes 2, 3, and 7), whereas little or no interaction
occurred for the mutants E28Q, D29N, and D57N (22-kDa
band in Fig. 2D, lanes 4 – 6 and 8).

To detect interaction between M013 proteins and endoge-
nous NF-�B1, antibody to human NF-�B1 was used for co-
immunoprecipitation, and the presence of V5-tagged M013
proteins was detected in the immunoprecipitates as a 15-kDa
band in Western blots using anti-V5 antibody. Co-immunopre-
cipitation of NF-�B1 revealed numerous nonspecific high-mo-
lecular-weight bands that were also visible in control cells
infected only with vMyx-M013KO (C1) (Fig. 2E, lanes 1 and 2).
However, at 6 h.p.i., WT-M013 (15-kDa band) but no other
mutant proteins were detectable in the IP complex with
NF-�B1 (Fig. 2E, lanes 3–7). Notably, at 24 h.p.i. M013PYD

remained unable to associate with NF-�B1 (Fig. 2F, lane 3),
whereas WT-M013 and all the mutants D41A, E28Q, D29N,
and D57N could interact with NF-�B1 (15-kDa bands in Fig. 2F,
lanes 2 and 4 –7). Protein bands corresponding to ASC-1 (22
kDa) or M013 (15 kDa) were not detected in co-IP assay using
cells infected with vMyx-M013KO alone (C1) or uninfected
cells (C2) (Fig. 2, D and F, lanes 1 and 8).

In addition to human THP-1 cells, we also tested the inter-
action between M013 variants and NF-�B1 or ASC1 in HeLa
cells, which lack endogenous inflammasome components but
maintain NF-�B signaling capacity. A set of transfection and
co-IP assays were performed using selected M013 variants. For
detection of interactions between ASC and M013 mutants,
HeLa cells were co-transfected with plasmids expressing ASC-1
and one of the V5-tagged M013 variants. The expression of the
15-kDa WT-M013 and mutant proteins are shown in the input
samples (Fig. S3, A and B). Co-IP was performed using anti-V5
antibody to pull down M013 proteins, and the presence of
ASC-1 in the complex was detected using anti–ASC-1 antibody
(Fig. S3C). In a simultaneous experiment, co-IP was done using
anti–NF-�B1 antibody to detect endogenous NF-�B1 (Fig. S4,
A and B), and the presence of V5-tagged M013 in the complex
was detected using anti-V5 antibody (�15 kDa) by Western
blotting analysis (Fig. S3D). No protein bands were observed in
the controls; C1 (HeLa cells infected only with vMyx-M013KO)
and C2 (HeLa cells without infection or transfection). Co-IP
data suggested that M013 mutants E28Q, D29N, and D57N
showed weak or no interaction with ASC-1, whereas WT-M013,
D41A, and M013PYD were pulled down with ASC-1 in the IP
complex (Fig. S3C). Endogenous NF-�B1 exhibited strongest
interactions with WT-M013 and mutant D41A, consistent with
findings from THP-1 cells. Weak interactions were observed
between NF-�B1 and mutants E28Q and D29N and essentially
no interactions with M013PYD or D57N. These results suggest
that protein–protein interactions with some M013 mutants
(such as D57N interactions with NF-�B1) differ in different cell
lines. However, in general, the binding studies in different cell
lines are consistent with structural determinants for ASC-1

Table 1
Mutational analyses of vPOP M013 protein from myxoma virus
The results from NF-�B activation and caspase-1 activation in THP-1 cells are
summarized: �, weak binding; ��, moderate binding; ���, strong binding; �, no
binding. Details of the assays are described under “Experimental procedures.”

Mutation
Interaction
with ASC-1

Interaction
with NF-�B

NF-�B
activation

Caspase
cleavage

D41A ��� � �� �
E28Q � �� � ���
D29N � � �� ��
D57N � � � �
M013PYD (delete

94–126)
�� � ��� �
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binding in the pyrin domain and NF-�B binding in the C-ter-
minal tail of M013.

Differential interaction of M013 mutants with ASC-1 and
NF-�B1 alter the activation of inflammasome and NF-�B
signaling cascades

Interaction of WT-M013 with NF-�B1 appears to regulate
the processing of NF-�B1/p105 and thereby the accumulation
of p50 in THP-1 cells (8). To evaluate the impact of M013 muta-
tions on the processing of NF-�B1/p105, Western blotting
analysis was performed. THP1 cells were transfected with
WT-M013 or M013 mutant expression plasmids for 18 h and
then infected with vMyx-M013KO virus, and the cells were
then harvested at 6 and 24 h.p.i. for the detection of processed
NF-�B1. Specific bands of NF-�B1/p105 and p50 were detected
at 6 and 24 h.p.i. along with some nonspecific bands that were
also seen in the nontransfected controls. The presence of p105
and not p50 for the WT-M013 lane at the 6-h time point sug-
gested that processing of p105 was inhibited in the presence of
WT-M013 (Fig. 3A, lane 1). Very little processed p50 could be
detected in samples from control C1 (cells infected with vMyx-
M013KO alone) and the mutants E28Q and D41A (Fig. 3A,
lanes 2, 3, and 6). In contrast, slightly higher levels of processed
p50 could be detected from samples transfected with the plas-
mids expressing M013 mutants D29N and D57N and M013PYD

(Fig. 3A, lanes 4 and 5). Subsequently, with the accumulation of
expressed M013 protein and its mutants after 24 h.p.i., an
increase in the level of the processed p50 form was observed in
samples from C1 (vMyx-M013KO alone), M013PYD, E28Q,
D29N, and D57N (Fig. 3B, lanes 2– 6). As a control, samples
from WT-M013, cells without infection or transfection (C2)
and cells transfected with the empty plasmid (P) showed little
or no processed p50 (Fig. 3B, lanes 1, 8, and 9). In all these
functional assays, for the positive control, THP-1 cells were first
stimulated with phorbol 12-myristate 13-acetate (PMA) for 3 h
and then with LPS for 5 or 23 h followed by the addition of 5 mM

ATP 1 h prior to harvesting the cells (31). LPS stimulation of
THP-1 cells resulted in the efficient activation of NF-�B signal-
ing pathway and processing of NF-�B1/p105 at the 6- and 24-h
time points (Fig. 3A, lane 8, and B, lane 10).

To test whether the variable levels of interactions among
M013 mutants with ASC-1 may influence the activation of the
inflammasome in response to viral stimulation, we examined
the activation of caspase-1 (p20) by Western blotting analysis.
Binding of WT-M013 with ASC-1 inhibited the cleavage of
caspase-1 resulting in little or no expression of activated
caspase-1 p20 at 6 and 24 h.p.i. in the THP-1 cell lysate (Fig. 3,
C, lane 2, and D, lane 1). An increase in the level of activated
caspase-1, p20 form was observed for C1 (vMyx-M013KO

Figure 2. M013 mutants interact with the differential affinity with ASC-1 and NF-�B1. A and B, expression (input) of V5-tagged WT-M013 and M013
mutants in the THP-1 cells transfected and infected with vMyx-M013KO and harvested 6 h (A) and 24 h (B) postinfection. C and D, detection of WT-M013 and
its mutant’s interaction with endogenous ASC-1 in THP1 cells by co-immunoprecipitation. After transfection and infection, co-IP was performed using anti-V5
antibody, and the interacting endogenous ASC-1 in the complex was detected using anti-ASC-1 antibody by Western blotting analysis. The samples were
prepared 6 h (C) and 24 h (D) after infection. E and F, detection of WT-M013 and its mutant’s interaction with endogenous NF-�B1 (p105/p50) in THP1 cells by
co-immunoprecipitation. After transfection and infection, co-IP was performed using anti-NF-�B1 antibody, and the interacting expressed V5-tagged M013
proteins in the complex were detected using anti-V5 antibody by Western blotting analysis. The samples were prepared 6 h (E) and 24 h (F) post infection. Lane
M, protein marker; lane WT, WT M013; C1, cells infected with vMyx-M013KO; lane M013PYD, M013 with C terminus deletion; lanes E28Q, D29N, D57N, and D41A,
M013 with mutations E28Q, D29N, D57N, and D41A, respectively; lane C2, cell lysates with no transfection or infection; *, a lane was deleted in the figure
because of loading sample not described in the manuscript.
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alone) and the M013 mutants including E28Q, D29N, and
D57N at 6 and 24 h.p.i. (Fig. 3, C, lanes 3 and 5–7, and D, lanes
2 and 4 – 6). Although M013 mutants M013PYD and D41A
showed strong interaction with ASC-1 similarly to WT-M013,
they were not able to inhibit activation of caspase-1 at 6 or
24 h.p.i. (Fig. 3, C, lanes 4 and 8, and D, lanes 3 and 7). In the
same assay, no or very little activated caspase-1 p20 was detect-
able from the negative controls, C2 and P (Fig. 3, C, lane 9, and
D, lane 9). As a positive control, THP-1 stimulated with LPS
along with PMA and ATP revealed activated caspase-1 at the
24-h time point (Fig. 3D, lane 8). Antibody against tubulin was
used to show equal total protein loading in all the tested sam-
ples for NF-�B (Fig. 3, E and F).

Activation of caspase-1 was also measured in THP1 cells
using a bioluminescence assay (Promega Caspase-Glo� 1
inflammasome assay). At 6 h.p.i., the level of activated
caspase-1 was significantly reduced for the cells transfected
with WT-M013 compared with C1 (i.e. cells infected with
vMyx-M013KO virus alone), LPS treatment as a positive con-
trol, or cells transfected with plasmids expressing mutants
M013PYD, D29N, D57N, and D41A (Fig. 4A). This pattern of
caspase-1 activation was also observed at 24 h.p.i., when
WT-M013 continuously blocked caspase-1 activation more
than M013PYD, E28Q, D29N, and D57N (Fig. 4B). Interestingly,
the level of activated caspase-1 remained consistent at both
time points for mutant D41A, which showed strong interaction

with ASC-1. These results suggest that the increase in caspase-1
activation was time-dependent, and some mutations in M013
seemed to weaken the interaction of M013 with ASC-1 and thus
alter the activation of caspase-1.

Because activation of the inflammasome would be predicted
to lead to the elevation of numerous pro-inflammatory cyto-
kines, either directly or indirectly, we checked whether the dif-
ferential interactions of M013 mutants with ASC-1 and/or
NF-kB1 would alter the subsequent release of downstream
cytokines. To test the levels of secreted cytokines, supernatants
from the THP-1 cells that were transfected with different M013
expression plasmids and infected with vMyx-M013KO virus
were collected at 6 and 24 h.p.i. for ELISA assays. ELISA showed
that the levels of secreted TNF were significantly higher for the
mutants M013PYD, E28Q, D29N, and D57N compared with
WT-M013 at 6 h.p.i. (Fig. 4C). No significant differences were
observed for WT-M013 compared with mutant D41A (Fig. 4C).
IL-6 was found to be considerably higher in the cell superna-
tants from mutants M013PYD, D29N, D57N, and D41A com-
pared with WT-M013 (Fig. 4D). However, levels of IL-6 were
not statistically significant between WT-M013, E28Q, and the
control C2 (no transfection or infection) (Fig. 4D). We then
tested the accumulation of IL-18, a signature cytokine marker
of NLRP3 inflammasome activation and a critical member of
the IL-1� family. Significantly higher levels of IL-18 were found
for C1 and mutants E28Q, D29N, and D57N. However, D41A

Figure 3. Differential activation of NF-�B1 p50 and caspase-1 with WT-M013 and mutants. A and B, levels of processed NF-�B1/p50 in the cell lysates
(input) transfected with V5-tagged WT-M013 and mutant plasmids and infected with vMyx-M013KO for 6 h (A) and 24 h (B). C and D, detection of activated
caspase-1 p20 in the lysates from THP-1 cells transfected with V5-tagged WT-M013 and mutant plasmids and infected with vMyx-M013KO for 6 h (C) and 24 h
(D). E and F, �-tubulin (50 kDa) showing equal protein loading for the levels of NF-KB1 and caspase-1 in the THP-1 cells transfected with V5 tagged-M013 and
mutants and infected with vMyx-M013KO for 6 h (E) and 24 h (F). Lane WT, WT M013; lane C1, cells infected with vMyx-M013KO; lanes E28Q, D29N, D57N, and
D41A, M013 with mutations E28Q, D29N, D57N, and D41A, respectively; M013PYD, M013 with C terminus deletion; lane LPS, positive control for the activation
of NF-�B1 and caspase-1; lane M, protein marker; lane C2, cell lysates with no transfection or infection.
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levels were comparable with WT-M013 at 6 h.p.i. (Fig. 4E). This
suggests that despite the low expression (Fig. 2A), M013
mutants were able to induce the secretion of signature cyto-
kines of both the NLRP3 inflammasome and NF-�B1 pathways
at 6 h.p.i. A robust increase was observed for most of the cyto-
kines in transfected THP-1 cell supernatants at, 24 h.p.i. In
contrast to D41A and C2, levels of IL-6 were substantially
higher for control C1, mutants M013PYD, E28Q, D29N, and
D57N (Fig. 4G). At 24 h.p.i, the experimental control C1 (vMyx-
M013KO alone) and the mutants E28Q, D29N, and D57N
revealed significantly higher levels of IL-18 compared with the
WT-M013 (Fig. 4H). These findings appear consistent with these
mutants showing little or no binding with ASC-1. In contrast, no
statistically significant differences in IL-18 levels were observed for
the M013PYD and D41A mutants, both of which retain affinity for
ASC-1 (Fig. 2D) when compared with the WT-M013. These
results suggest that weakened binding of M013 mutants to ASC-1
correlates with the increased activation of caspase-1 and the pro-
duction of specific indicator cytokines.

Discussion

The role of M013 in immunosuppression and the pathogen-
esis of MYXV in rabbits is well-known from previous studies

(6). However, its deletion does not alter the replication of
MYXV in cultured cells (6). The vPOP M013 is known to co-
regulate both the PYRIN-containing inflammasomes (e.g.
NLRP3) and NF-�B pathways (8). However, its mechanism of
action by interacting with different cellular protein compo-
nents of the two pathways ASC-1 and NF-�B1 are unknown.
Here, we show for the first time that M013 interacts with both
endogenous ASC-1 and NF-�B1 in either human myeloid cells
that are competent for both pathways (THP1 cells) or human
nonmyeloid cells that are competent for only NF-�B signaling
(HeLa cells). This allowed us to conduct mutational studies on
M013 that have the potential to map the interactions of M013
with ASC-1 or NF-�B1 and study the consequences on the inde-
pendent activation of NF-�B and inflammasome pathways.

Using homology modeling, we identified distinguishing fea-
tures of M013 that may encode the specificity for interactions
with ASC-1 or NF-�B1. Strikingly, single-site mutations that
reduced the negative charge on a distinct region of M013
(E28Q, D29N, and D57N) resulted in weak or no interaction of
M013 with ASC-1 (Table 1). These observations suggest that
even modest changes in the primary sequence of M013 result in
severe effects on its functions. The role of negatively charged
residues is site-specific, as evidenced by the D41A mutation,

Figure 4. WT-M013 and mutants modulate the caspase-1 activation and cytokine response in THP-1 cells. A and B, luminescence assay result to
quantitate the caspase-1 activation in THP-1 cell supernatants transfected with V5-tagged WT-M013 and mutant plasmids and infected with vMyx-M013KO for
6 h (A) and 24 h (B) (as described under “Results”). C–E represent the ELISA results for TNF, IL-6, and IL-18 in the supernatants from THP-1 cells transfected with
V5-tagged WT-M013 and mutants and infected with vMyx-M013KO for 6 h. F–H, ELISA results for TNF, IL-6, and IL-18 in the supernatants from THP-1 cells
transfected with V5-tagged WT-M013 and mutants and infected with vMyx-M013KO 24 h. WT, WT M013; C1, cells infected with vMyx-M013KO; M013PYD, M013
with C terminus deletion; E28Q, D29N, D57N, and D41A, M013 with mutations E28Q, D29N, D57N, and D41A, respectively; C2, cells with no transfection or
infection (negative control); LPS, positive control; P, cells transfected with an empty plasmid. Significance was tested using one-way analysis of variance, with
multiple comparison correction. A value of p � 0.05 was considered significant.
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which resides on the opposite face of the pyrin domain (Fig. 1B).
This mutation does not affect ASC-1 interactions and has mild
effects on the antagonism of inflammatory signaling, relative to
WT-M013 (Fig. 4). Overall, the binding and functional data are
consistent with a model in which a negatively charged M013
region constitutes a key epitope for binding to the pyrin domain
of ASC-1. The role of both charged and hydrophobic residues
in PYD–PYD interaction have been described by Moriya et al.
(23), and structure determination of the M013 complex with
ASC-1 will be required to fully understand the molecular basis
for specificity.

Viral and cellular PYDs are generally 90 residues in length.
The vPOPs of M013 and S013 have an extended tail beyond the
predicted PYD that contains a highly conserved region of pos-
itive charges at the C terminus (Fig. 1A). The S013L protein
from Shope fibroma virus has 60% sequence identity to M013
and has been shown to be recruited into ASC-1 specks (32). The
tail deletion mutant M013PYD (residues 1–93) retained the
interaction with ASC-1, as shown by a co-IP assay, suggesting
that the PYD of M013 is indeed the key determinant for PYD–
PYD interactions. Given the related sequences of the C-termi-
nal tails of M013/S013, we investigated whether this region is
important for antagonism of NF-�B pathways, which is a con-
served functional property of these two vPOPs. Results from
our co-IP assay for NF-�B1 and M013 demonstrate that M013
mutants E28Q, D29N, and D57N still interact with NF-�B1,
suggesting that charged residues in the PYD domain of M013
do not strongly impact this interaction with NF-�B1. However,
deletion of C-terminal tail (residues 94 –126) resulted in a com-
plete loss of interaction between NF-�B1 and M013.

We examined whether these differences in the interaction of
M013 protein and its mutants with ASC-1 or NF-�B1 would
compromise the ability to modulate signaling pathways. Data
clearly show that mutation of negatively charged residues com-
promised the ability of M013 to inhibit cleavage of pro-caspase
to active caspase-1, resulting in increased levels of IL-18 secre-
tion. In contrast to these binding/signaling correlations with
the ASC-1 interface, the M013 variants M013PYD and D41A
maintain direct protein interactions with ASC-1, yet are unable
to block activation of caspase-1 and release of IL-18 at both the
early and later time points of infection (Fig. 4). These results
suggest that interactions with ASC-1 alone are insufficient to
inhibit caspase-1 activation. D41A is situated on the opposite
face relative to the negatively charged ASC-1– binding region
(Fig. 1B), and it is possible that this region mediates oligomer-
ization of M013–ASC-1 complexes that contributes to antago-
nism of caspase activation. Similarly, the tail region of M013
(residues 94 –126) may also contribute to protein–protein
interactions that antagonize the inflammasome. A model for
the mechanism of binding and antagonism is shown in Fig. 5.

Functional analyses of M013PYD revealed that the tail region
of M013 is required for the inhibition of NF-�B1/p105 pro-
cessing to p50 and subsequent release of NF-�B regulated pro-
inflammatory cytokines TNF and IL-6. Interestingly, single-site
mutants E28Q and D29N also compromised NF-�B antago-
nism despite maintaining interactions with NF-�B1. Overall,
these data are consistent with a model suggesting that interac-
tions with NF-�B1 and ASC-1 are necessary but not sufficient

to enable inhibition of downstream signaling pathways. Al-
though distinct structural motifs enable direct recognition of
ASC-1 and NF-�B, downstream regulatory effects require a
cooperation between the two segments of M013. Thus, vPOP
M013 protein has evolved dual regulatory functions through
C-terminal extension of its PYD, and future structural and
functional studies will be necessary to enable an understanding
of how these regions work together to suppress innate immu-
nity. M013 is currently being studied as an anti-inflammatory
gene therapy for ocular inflammation in mouse models of uve-
itis (33), but it is currently unknown whether this M013-medi-
ated inhibition is via inflammasome inhibition, the blockade of
NF-�B signaling, or both. A better understanding of the inter-
actions between MYXV and cancerous tissues within human
hosts may aid in the development and translation of modified
MYXV as an oncolytic therapy. Finally, anti-inflammatory
mimics of the viral protein, such as the short anti-NF-�B tail
region that is unique to M013 and S013, could be developed as
future anti-inflammatory peptides in clinical or research
settings.

Experimental procedures

Gene cassette preparation

Primers with complementarity to the nucleotides coding for
the N and C termini of the M013 protein were utilized in a
modified overlap-extension PCR technique to flank the gene
with the vaccinia virus synthetic early/late promoter at the
upstream end and the coding sequence for the V5 epitope at the
downstream end. These primers were used to amplify the gene
from a viral genomic DNA preparation of myxoma virus strain
Lausanne. The stop codon of M013 was omitted to allow for
expression of an M013-V5 tag fusion protein. Secondary PCR
was performed to amplify this fragment with primers designed
to incorporate 5� overhangs including the attB1 and attB2
sequences for Gateway BP recombination (Thermo Fisher Sci-
entific). Accuprime Pfx DNA polymerase (Life Technologies)
was used for all PCR.

Figure 5. Model for antagonism by M013 via two structural domains. The
N-terminal pyrin domain M013 is represented as an electrostatic surface, fol-
lowed by the tail enriched in positively charged residues. The binding of
M013 to its cellular targets is imparted by the two domains indicated by the
boxed text above the model. However, antagonism of downstream signaling
requires the interplay between both domains, as indicated by the dotted line
connecting the two regions below the model.
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Mutagenic primer design and polymerase chain reaction

For each single point mutation, two complementary oligonucle-
otides were designed to include 15–30 nucleotides complemen-
tary to M013 on each side of the substituted codon. Each oligonu-
cleotide was interrogated with Primer3 software to ensure the
absence of predicted hairpins, primer-dimers, etc. All oligonucle-
otides were purchased from IDT with standard desalting.

The attB-flanked pSE/L-M013-V5 cassette was amplified by
PCR in two separate reactions with AccuPrime Pfx: the first
with the attB1 forward primer in combination with the minus
strand mutagenic primer and the second with the attB2 reverse
primer in combination with the plus strand mutagenic primer.
The unpurified product of each reaction was diluted 1:50 in a
second step reaction with attB1 forward and attB2 reverse
primers to ligate the two fragments together to form a complete
cassette once again.

Plasmid preparation and bacterial transformation

Gene cassettes were cloned into pDONR221 with BP Clon-
ase II (Thermo Fisher Scientific) following the manufacturer’s
protocol. The plasmids were transformed into calcium chlo-
ride-competent Escherichia coli strain DH5� and selected
by kanamycin resistance. Following confirmation of coding
sequences, specific mutant M013 constructs were also cloned
into cytomegalovirus promoter-driven plasmids. To generate
these vectors, the M013 gene was amplified from the pSE/L-
M013-V5 plasmid using primers specific to the beginning and
end of the M013 sequence, omitting the stop codon. These
primers were designed with 5� overhangs containing the attB1
and attB2 sequences. These fragments were also cloned into
pDONR221 using BP Clonase II. Finally, the pDONR221 vector
containing the mutant M013 gene was recombined with
pcDNA-DEST40 by LR Clonase II (Thermo Fisher Scientific),
following the manufacturer’s protocol. The resulting vector
expressed M013 fused to V5�His6 tag driven by the constitu-
tively active cytomegalovirus promoter. M013L ORF lacking
the C-terminal tail (residues 94 –126) was constructed by PCR
amplification using appropriate primers and cloned in the entry
vector pDONR221.

Sequencing

Sequencing reactions were performed by the University of
Florida ICBR Sanger Sequencing core using BigDye chemistry
(Applied Biosystems). The chromatograph was generated using
an Applied Biosystems DNA Analyzer capillary electrophoresis
instrument. The bases were called to create the sequence, using
4Peaks software (Nucleobytes).

Reagents and antibodies

Rabbit polyclonal antibodies for NF�B1 (p105/p50) (catalog no.
3035S, lot no. 5) and caspase-1 (catalog no. 2225S, lot no. 3) were
purchased from Cell Signaling Technology. Anti-V5 mAb (catalog
no. R960-25, lot no. 1900119) was purchased from Invitrogen.
ASC-1 (catalog no. AB3607, lot no. 2801940) and c-Myc (catalog
no. Sc-40, lot no. B0116) antibodies were purchased from EMD
Millipore and Santa Cruz Biotechnology. PMA and LPS (lipopoly-
saccharide) were purchased from Sigma.

Cell lines and cell culture

HeLa and THP1 cells were cultured in Dulbecco’s modified
Eagle’s medium and RPMI medium, respectively, supplemented
with 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine,
100 units/ml penicillin, and 100 mg/ml streptomycin. THP1 cell
line was cultured in RPMI 1640 medium (Lonza) supplemented
with 10% fetal bovine serum, 100 units/ml penicillin, and 100
mg/ml streptomycin. For the control assay, THP1 cells were stim-
ulated for 100 ng/ml PMA (for 3 h) and again later with LPS for a
total of 5 or 23 h followed by the final activation with 5 mM ATP 1 h
prior to the harvesting of the cells.

Viral preparation

Construction of a WT myxoma virus (vMyx-GFP) that
expresses a GFP cassette under the control of a poxvirus syn-
thetic early/late promoter was described previously (34). Con-
struction of the vMyxM013-KO virus was previously described
(6). Viruses were purified by centrifugation through a sucrose
cushion and successive sucrose gradient sedimentations as
described previously (6).

Transfections assays

THP1 cells were seeded at 80% confluence onto 6-well plates,
the day before being transfected. The cells were transfected
according to the manufacturer’s protocol using Effectene trans-
fection reagent (Qiagen) and 0.5 �g of DNA, in serum-free
RPMI medium per each well.

Western blotting

For detection of protein, cells were harvested at different
time points, washed with PBS, and stored at �80 °C or pro-
cessed immediately with RIPA lysis buffer (50 mM Tris, 150 mM

NaCl, 0.5% sodium deoxycholate, 1% Nonidet P-40, 1 mM

phenylmethylsulfonyl fluoride, and protease inhibitor mixture
(Roche). Protein samples were separated on SDS-PAGE gels
and transferred to polyvinylidene difluoride membrane (GE
Healthcare) using a wet transfer apparatus (Bio-Rad). Mem-
branes were blocked in 5 ml of LI-COR odyssey blocking buffer
for 1 h at room temperature and then incubated overnight with
primary antibody at 4 °C. The membranes were washed three
times for 15 min each with TBST and incubated with HRP-
conjugated goat anti-mouse (1:5000) or goat anti-rabbit
(1:5000) secondary antibody in 5 ml of LI-COR odyssey block-
ing buffer for 1 h at room temperature with gentle agitation.
The membranes were washed three times for 15 min each with
TBST. The blots were scanned for the signal using LI-COR
Odyssey� CLx scanner.

Quantification of cytokine secretion by ELISA

THP1 cells were transfected with the plasmids expressing
M013L WT and the mutants and subsequently infected with
vMyx-M013KO for 6 and 24 h. At the indicated time points
after virus infection, the cells were separated from supernatants
by low speed centrifugation, and the supernatants were used for
ELISA. The level of secreted cytokines TNF, IL-6 (eBiosci-
ences), IL-1� (BD Biosciences), and IL-18 (RayBiotech) were
determined in the supernatants using ELISA assay kits follow-
ing manufacturer protocol.
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Caspase-1 luminescence assay

Caspase-Glo� 1 inflammasome assay kit (Promega) was used
to measure the caspase-1 activation in THP1 cells transfected
with plasmids expressing WT M013L and the mutants and
subsequently infected with vMyx-M013KO. Caspase-1 and
caspase-1 inhibitor reagents were prepared and added to the
transfected cells directly as described by the manufacturer.
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