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ABSTRACT YopM is a leucine-rich repeat (LRR)-containing effector in several Yersinia species, including Yersinia pestis and

Y. pseudotuberculosis. Different Yersinia strains encode distinct YopM isoforms with variable numbers of LRRs but conserved
C-terminal tails. A 15-LRR isoform in Y. pseudotuberculosis YPIII was recently shown to bind and inhibit caspase-1 via a YLTD
motif in LRR 10, and attenuation of YopM~ YPIII was reversed in mice lacking caspase-1, indicating that caspase-1 inhibition is
a major virulence function of YopMYP!!l, To determine if other YopM proteins inhibit caspase-1, we utilized Y. pseudotuberculo-
sis strains natively expressing a 21-LRR isoform lacking the YLTD motif (YopM?32777) or ectopically expressing a Y. pestis 15-LRR
version with a functional (YopMX™) or inactivated (YopMX™ D, A) YLTD motif. Results of mouse and macrophage infections
with these strains showed that YopM32777, YopMX™, and YopMX™ D, _, A inhibit caspase-1 activation, indicating that the YLTD
motif is dispensable for this activity. Analysis of YopMX™ deletion variants revealed that LRRs 6 to 15 and the C-terminal tail are
required to inhibit caspase-1 activation. YopM32777, YopMX™, and YopMX™ deletion variants were purified, and binding part-
ners in macrophage lysates were identified. Caspase-1 bound to YopM¥™ but not YopM>2777. Additionally, YopM¥™ bound
IQGAP1 and the use of Iggap1~/~ macrophages revealed that this scaffolding protein is important for caspase-1 activation upon
infection with YopM~ Y. pseudotuberculosis. Thus, while multiple YopM isoforms inhibit caspase-1 activation, their variable
LRR domains bind different host proteins to perform this function and the LRRs of YopMX™ target IQGAP1, a novel regulator
of caspase-1, in macrophages.

IMPORTANCE Activation of caspase-1, mediated by macromolecular complexes termed inflammasomes, is important for innate
immune defense against pathogens. Pathogens can, in turn, subvert caspase-1-dependent responses through the action of effec-
tor proteins. For example, the Yersinia effector YopM inhibits caspase-1 activation by arresting inflammasome formation. This
caspase-1 inhibitory activity has been studied in a specific YopM isoform, and in this case, the protein was shown to act as a pseu-
dosubstrate to bind and inhibit caspase-1. Different Yersinia strains encode distinct YopM isoforms, many of which lack the
pseudosubstrate motif. We studied additional isoforms and found that these YopM proteins inhibit caspase-1 activation inde-
pendently of a pseudosubstrate motif. We also identified IQGAP1 as a novel binding partner of the Yersinia pestis YopMX™ jso-
form and demonstrated that IQGAP1 is important for caspase-1 activation in macrophages infected with Yersinia. Thus, this
study reveals new insights into inflammasome regulation during Yersinia infection.
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ecognition of microbial pathogens by the innate immune system

is a crucial component of host defense. Pattern recognition re-
ceptors recognize conserved features of microbes, termed pathogen-
associated molecular patterns (PAMPs), and mobilize host defenses
against both extracellular and intracellular pathogens (1). Detection
of extracellular PAMPs by Toll-like receptors (TLRs) or of cytosolic
PAMPs by nucleotide-binding oligomerization domain leucine-rich
repeat (LRR) receptors (NLRs) initiates cellular events important for
clearance of pathogens, such as expression of proinflammatory cyto-
kines or inflammasome formation (2, 3).
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PAMPs and other danger signals associated with pathogens
that access the host cytosol trigger the formation and activation of
the inflammasome, a multioligomeric complex that serves as a
molecular platform for the recruitment and activation of proin-
flammatory caspase-1 (4). Formation of the inflammasome is co-
ordinated by protein-protein interactions between individual
NLRs and in some cases an adaptor protein, adaptor protein
apoptosis-associated speck-like protein containing a caspase acti-
vation and recruitment domain (ASC). Some inflammasomes
(e.g., the NLRP3 inflammasome) require distinct signals for prim-
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ingand activation. Induction of transcription downstream of TLR
stimulation by a PAMP (signal 1) leads to the synthesis of NLRP3
and prointerleukin-18 (pro-IL-13). The NLRP3 inflammasome is
subsequently assembled and activated by a wide variety of stimuli
(signal 2), such as pore-forming toxins or extracellular ATP (5, 6).
In contrast, the NLRC4 inflammasome does not require a priming
step and is more selective for activating stimuli such as bacterial
flagellin and components of bacterial type III secretion systems
(T3SS) (7, 8). While the regulation and composition of different
inflammasomes are variable, they all have the ability to activate
caspase-1. Caspase-1 activation by the inflammasome induces a
form of cell death termed pyroptosis (9). In addition, the proin-
flammatory cytokines IL-18 and IL-18, synthesized as inactive
precursors, rely on the activity of caspase-1 for their maturation
and secretion from the host cell (4). The caspase-1-dependent
processes of pyroptosis and cytokine secretion act in concert to
promote innate immune responses, enabling clearance of invad-
ing pathogens. Thus, evasion of innate immune responses depen-
dent on caspase-1 is an important strategy of pathogenic bacteria.

Pathogenic Yersinia species (Yersinia pestis, Y. pseudotubercu-
losis, and Y. enterocolitica) employ a contact-dependent T3SS for
the delivery of Yersinia outer protein (Yop) effectors into the cy-
tosol of infected host cells (10). Yop effectors function to modu-
late key host processes to promote Yersinia pathogenesis (11).
Delivery of effector Yops requires the assembly of the T3SS injec-
tisome on the bacterial surface and insertion of the YopB/D
translocon into the plasma membrane of host cells. Consequences
of membrane perturbation by the T3SS translocon are assembly of
inflammasomes and activation of caspase-1 during the infection
of macrophages by Yersinia (12, 13). However, Yop effectors
counteract the activation of inflammasomes and caspase-1. Acti-
vation of caspase-1 by the T3SS translocon is mediated primarily
by the NLRP3 inflammasome and is counteracted by the function
of the effector YopK, which interacts with the translocon and pre-
vents caspase-1 activation (14). Recently, a second effector,
YopM, an LRR-containing protein that is required for Yersinia
virulence (15, 16), has been shown to inhibit NLRP3 inflam-
masome formation and activation of caspase-1 (17).

YopM consists of an N-terminal secretion signal, followed by
two a-helices that fold into an LRR region, which spans most of
the protein (18). The YopM protein terminates in a short, un-
structured but conserved C-terminal tail of 24 amino acids. Inter-
estingly, YopM appears to be devoid of catalytic activity, and in-
stead, this protein acts as a scaffold to bind multiple host proteins.
YopM was found to bind two host kinases, protein kinase
C-related kinase 2 (PRK2) and the 90-kDa ribosomal S6 kinase
(RSK1), and increase their activity toward a heterologous sub-
strate (19, 20). RSK1 binds to the C-terminal tail of YopM, and
PRK2 binds to the LRR region (21, 22). How complexes of YopM/
RSK/PRK contribute to Yersinia virulence remains unknown. The
LRR region and the C-terminal tail are both required for the vir-
ulence function of YopM (21, 22). Additionally, the C-terminal
tail is required for the formation of high-molecular-weight com-
plexes by YopM in macrophages (21). Each strain of Yersinia en-
codes one isoform of YopM, but there are a number of different
isoforms found in the genus (23), and depending on the specific
isoform, the LRR region contains between 13 and 21 repeats and
the LRRs can be variable in sequence.

LaRock and Cookson presented evidence that YopM proteins
containing 15 LRRs encoded by Y. pseudotuberculosis strain YPIII
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and Y. pestis strain CO92 bind directly to caspase-1 to inhibit its
activity (17). These two isoforms of YopM, as exemplified by
YopMYPHL containa consensus caspase-1 cleavage motif (Tyr-Leu-
Thr-Asp or YLTD) present in the 10th LRR and appear to mimic
pseudosubstrate caspase-1 inhibitors (17). YopMYP!I was shown
to inhibit capsase-1 activity in vitro, to bind to the 10-kDa subunit
of active caspase-1 in lysates of macrophages, and to inhibit the
recruitment of caspase-1 to macromolecular complexes of NLRP3
(NLRP3 foci) in YPIII-infected macrophages (17). In contrast, a
YopMYPH variant in which the fourth position of the YLTD se-
quence was changed to A (D,,,A) was defective in all of these
activities (17). LaRock and Cookson proposed that YopMYP!!
uses the YLTD sequence to bind directly to caspase-1 to inhibit its
activity and sequester it, resulting in the formation of arrested or
“pre-NLRP3 inflammasomes” (17). Importantly, the virulence
defect of a YPIII yopM mutant was reversed in mice lacking
caspase-1, indicating that YopM functions to inhibit capase-1-
directed immune functions in vivo (17).

The findings of LaRock and Cookson (17) provide the first
molecular understanding of how a YopM protein can inhibit host
innate immune responses, yet they raise a number of important
questions. For example, do YopM isoforms that lack the YLTD
sequence (of which there are many among different Yersinia spe-
cies and strains) also inhibit the activation of caspase-1? Is the
C-terminal RSK1-binding tail of YopM, which is essential for its
virulence function, also required to inhibit caspase-1? Does the
LRR domain of YopM target other host proteins in addition to
caspase-1 to inhibit the function of the NLRP3 inflammasome?

Here, we studied two distinct YopM isoforms, YopM*2777 from
Y. pseudotuberculosis 32777 and YopMKM from Y. pestis KIM. The
former contains 21 LRRs and lacks the YLTD sequence, while the
latter contains 15 LRRs and the YLTD sequence in LRR 10. We
demonstrate that both YopM isoforms inhibit the activation of
caspase-1 in mice or macrophages infected with Y. pseudotubercu-
losis. In addition, using deletion variants of YopMKX™, we provide
evidence that both LRRs 6 to 15 and the C-terminal tail are nec-
essary to inhibit the activation of caspase-1. Analysis of a
YopMKM D, A variant showed that the YLTD sequence is dis-
pensable for the inhibition of caspase-1 activation in this isoform.
We also identify the large scaffolding protein IQGAP1 (IQ motif-
containing GTPase-activating protein 1) (24) as a novel interact-
ing partner of the YopMX™ LRR domain and show that IQGAP1
is required for caspase-1 activation in macrophages infected with a
Y. pseudotuberculosis yopM mutant. These results suggest that dis-
tinct YopM isoforms target different host proteins to inhibit
caspase-1 activation and show that IQGAP1 is required for the
activation of caspase-1 in macrophages infected with Yersinia.

RESULTS AND DISCUSSION

Sequence comparison of Y. pestis KIM and Y. pseudotuberculo-
sis 32777 YopM proteins. Two well-studied YopM isoforms,
YopMKM and YopM32777, contain 15 and 21 LRRs, respectively.
Here, we have aligned the YopM?3?777 and YopM*™ sequences by
using ClustalW (see Fig. S1 in the supplemental material). This
analysis indicates that the N terminus and the C-terminal tail are
conserved in YopM*™ and YopM?2777 and the first two and last
eight LRRs are well aligned (see Fig. S1). YopM?>2777 appears to
have additional repeats within the region corresponding to LRRs 3
to 7 of YopMK™. To account for these additional LRRs in
YopM32777, they are numbered as subrepeats of LRRs 3, 5, and 7 of

July/August 2014 Volume 5 Issue 4 e01402-14


mbio.asm.org

Y. pestis YopM Targets IQGAP1 to Inhibit Caspase-1

a-1a-2 DLTD
32777 N 1,2 /3a,3b,3c, 4 /5a,5b,5¢c, 6 [7a,7b7c, 8 , 9 ,10,11,12,13 14, 15 mmle
- -
[] ' - - - g
1 - -
1 Py N . .
L} - -
] - -
] L 3
KIM N 1,2,3,405 6 ,7,8,9,10,11,12,13 14, 15 ==l
YLTD
KiMa6-15 N =ecoeiFTHPHEFHESES — C
KIMA12-C N 1,2,3,4,5 6,7,8,9,10, 11 c
KIMAC N 1,2,3,4,5,6,7,8,9,10,11,12,13,14,15 c

FIG 1 Primary-structure representation of the YopM isoforms and variants used in this study. Representations of YopM?32777, YopM*M, and three deletion
variants of the KIM isoform are shown. N-terminal and C-terminal regions enclosed by dashed lines indicate the highest conservation between YopM?32777 and
YopMKM as determined by sequence alignment with ClustalW (see Fig. S1 in the supplemental material). The N-terminal gray rectangles correspond to the two
a-helices, LRRs are represented by numbered boxes, and the conserved C-terminal tail is shown as a gray rectangle. Colored shading of boxes is used to indicate
that additional LRRs in YopM?*2777 are assigned numbers as subrepeats of LRRs 3, 5, and 7 of YopM*M. The positions of the YLTD motif in LRR 10 of YopMKIM

and the corresponding DLTD motif in LRR 10 of YopM32777 are shown.

YopMKIM (see Fig. S1). The primary-structure alignment of
YopMKX™ and YopM?32777 by this convention is shown in Fig. 1.
The YLTD motif in LRR 10 of YopMX™ is absent from the
YopM?32777 isoform. Instead, YopM?32777 has the sequence DLTD
(Fig. 1; see Fig. S1).

A'Y. pseudotuberculosis 32777 yopM mutant is fully virulent
in mice lacking caspase-1. Y. pseudotuberculosis yopM mutants
are significantly attenuated in intravenous mouse models of infec-
tion (21, 22). LaRock and Cookson showed that the virulence
defect of a YPIII yopM mutant was rescued in C57BL/6 mice lack-
ing caspase-1 (17). We used Caspase-1~/~ C57BL/6 mice, which
have been determined to be functionally Caspase-11=/~ as well
(25) (here referred to as Caspase-1/11-/" mice), to investigate if
the virulence of a 32777 yopM mutant would be restored in the
absence of caspase-1. Caspase-1/11~/~ mice were infected with
equivalent numbers of CFU of 32777 or 32777AyopM (Table 1),
and the time to death was monitored. As expected, 32777 was
virulent in Caspase-1/11~/~ mice following intravenous infection
(Fig. 2, solid line). We previously showed that the 32777AyopM
mutant is attenuated in C57BL/6 mice by intravenous challenge
(22), a phenotype that was confirmed in independent experiments
(data not shown). A reversal of the virulence defect of the
32777AyopM mutant was observed in Caspase-1/11~/ mice, as
all of the mice succumbed to infection (Fig. 2, dotted line). The
data are consistent with those of LaRock and Cookson (17) and

TABLE 1 Y. pseudotuberculosis strains used in this study

suggest that caspase-1-directed immune responses in vivo are re-
sponsible for the attenuation of Y. pseudotuberculosis yopM mu-
tants. Moreover, these data point to inhibition of caspase-1 acti-
vation as a conserved function shared by distinct YopM isoforms.
However, because the mice used are Caspase-1/11~"—, the possi-
bility cannot be ruled out that caspase-11-directed responses in
vivo contribute to the attenuation of Y. pseudotuberculosis yopM
mutants.

YopM?32777 inhibits caspase-1 activation in macrophages in-
fected with Y. pseudotuberculosis. To obtain more direct evi-
dence that YopM>2777 inhibits the activation of caspase-1, we in-
fected lipopolysaccharide (LPS)-primed, bone marrow-derived
macrophages (BMDMs) from C57BL/6 mice with 32777 or
32777AyopM and measured the activation of caspase-1. Caspase-1
activation was inhibited in C57BL/6 BMDMs infected with 32777
compared to that in 32777AyopM, as shown by Western blotting
of macrophage lysates for cleaved (10-kDa) caspase-1 (Fig. 3A,
compare lanes 1 and 5). Infection with a 32777AyopK mutant
(Table 1) was used as a positive control for caspase-1 cleavage
(Fig. 3A, lane 9). Additionally, unlike 32777, the 32777AyopM
strain failed to inhibit IL-13 secretion (Fig. 3B) or pyroptosis
(Fig. 3C), as determined by enzyme-linked immunosorbent assay
(ELISA) or lactate dehydrogenase (LDH) release, respectively. Ac-
tivation of caspase-1 by 32777AyopM required a functional T3SS,
as caspase- 1 was not activated when BMDMs were infected with a

Strain Relevant characteristic(s) Reference
32777 Wild-type serogroup Ol strain 41

32777 AyopM AyopM 22
32777AyopK Frame-shift mutation in yopK This study
32777 AyopMyopB AyopM, in-frame deletion of yopB (nucleotides 496—774) This study
32777AyopM/pMMB67EH AyopM containing empty vector 22
32777AyopM/pYopMKIM AyopM containing pMMB67EH expressing YopMKM under control of native promoter 22
32777AyopM/pYopMKIMA6-15 AyopM containing pMMB67EH expressing YopM*!™ missing LRRs 6-15 22
32777AyopM/pYopMKIMA12-C AyopM containing pMMB67EH expressing YopMKM missing LRRs 12-15 and C terminus This study
32777AyopM/pYopMKIMAC AyopM containing pMMB67EH expressing YopM* ™ missing C terminus 22

32777 AyopM/pYopMKM D, A AyopM containing pMMB67EH expressing YopMX™ with D,,, A amino acid substitution This study
32777/pGFP Contains p67GFP3.1 32
32777AyopM/pGFP AyopM containing p67GFP3.1 This study
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FIG 2 Survival assay of Caspase-1/11~/~ mice infected with Y. pseudotuber-
culosis 32777 or 32777AyopM. Caspase-1/11~/~ mice were infected intrave-
nously via tail vein injection with approximately 1,500 CFU of Y. pseudotuber-
culosis 32777 or 32777AyopM, and time to death was monitored for 21 days.
Results are pooled from two independent experiments with three or four mice
per group (n = 7). The difference between survival curves was not significant
(ns), as determined by log rank test.

32777AyopMyopB mutant (Table 1; see Fig. S2A in the supple-
mental material), as measured by Western blotting for cleaved
caspase-1 (see Fig. S2B) and ELISA for secreted IL-183 (see
Fig. S2C). Because caspase-11 can contribute to NLRP3-
dependent activation of caspase-1 in response to cytosolic LPS
(25, 26), we examined the role of caspase-11 in the response of
BMDMs to infection with the 32777AyopM mutant. BMDMs
from Caspase-1~/~, Caspase-11~/~, or Caspase-1/11=/~ mice
were infected and analyzed as described above. We observed sim-
ilar amounts of cleaved caspase-1 in C57BL/6 and Caspase-11—/~
BMDMs infected with 32777AyopM or 32777AyopK (Fig. 3A,
compare lanes 5and 8 and lanes 9 and 12). Likewise, the absence of
caspase-11 did not significantly decrease the levels of secreted
IL-1B in BMDMs infected with 32777AyopM (Fig. 3B). Interest-
ingly, pyroptosis was partially caspase-11 dependent in BMDMs
infected with the yopM mutant (Fig. 3C). As expected, IL-1f3 se-
cretion (Fig. 3B) and pyroptosis (Fig. 3C) were at background
levels in Caspase-1-/~ and Caspase-1/11-/~ BMDMs infected
with 32777AyopM. The data show that YopM3>?777 inhibits
caspase-1 activation, demonstrating that this activity is not re-
stricted to the 15 LRR isoforms that contain a YLTD motif. In
addition, the data show that caspase-11 is not required for the
activation of caspase-1 in macrophages infected with a Y. pseudo-
tuberculosis yopK or yopM mutant but does contribute to pyrop-
tosis in the latter case.

Differential binding of caspase-1 by YopMX™ and
YopM32777, LaRock and Cookson showed that purified YopM YPI!
bound to cleaved caspase-1 in lysates derived from BMDMs in-
fected with the YPIII yopM mutant (17). Because YopMKX™ and
YopM?32777 both inhibited the activation of caspase-1, we wanted
to determine if both proteins bind to cleaved caspase-1. To inves-
tigate the binding of YopM¥™ and YopM?32777 to caspase-1, these
proteins were purified as fusions to glutathione S-transferase
(GST) and incubated with lysates of BMDMs treated with LPS and
ATP to activate caspase-1. Western blotting was used to detect the
binding of caspase-1 or RSK1 to the GST-YopM fusion proteins or
GST alone as a control. As shown in Fig. 4A, GST-YopMXM, but
not GST, bound to procaspase-1 (50 kDa), as well as RSK1 (com-
pare lanes 6 and 3). Weak binding of cleaved caspase-1 to GST-
YopMKM was also detected (Fig. 4A, lane 6). Interestingly, we did
not detect binding of procaspase-1 or cleaved caspase-1 to GST-

4 mBio mbio.asm.org

A 32777 32777AyopM 32777AyopK
[ T 1T 1
: , ¥ ‘; . ‘; .t
SEE OSLE OSow
© O O 0O © O O O O O O O
PEEETEEETEERE
o S O S
0 © © © W © T © WV T T ©
OO OO0 OO OO0 OO VOO
Procaspase-1 —50
50 kDa _37
—25
—20
—15
Caspase-1
10 kDa —— - -, 10
B-actin

42kDaI--..-g----|
2 345 6 7 8 910 1112

10- U

il c57BL6 1
8- Caspase-1/11"

[ caspase-1”

6 Wl Caspase-11"

IL-1B (ng/mL)
o 9 ¢
)
I

> o\
& « o‘?\‘\
X v S
& AY
N QA
{b‘}
c 80 = *
60+
T
9 404
R
20+ l
0 bl s T T
A
@ A\ OQ\\
¢ v N\
& »
N &
S B
%

FIG 3 Measurement of caspase-1 activation in C57BL/6, Caspase-1~/—,
Caspase-11-/~, or Caspase-1/11~/~ mouse macrophages infected with Y. pseu-
dotuberculosis. BMDMs from wild-type C57BL/6, Caspase-1~/—, Caspase-
117/~, or Caspase-1/11~"~ mice were primed with 100 ng/ml LPS for 18 hand
left uninfected or infected with 32777, 32777AyopM, or 32777AyopK at an
MOI of 30. (A) After a 90-min infection, lysates were processed and subjected
to Western blotting with an antibody against caspase-1. 3-Actin was used as a
loading control. Positions of 50-kDa procaspase-1, the cleaved 10-kDa
caspase-1 subunit, and 42-kDa B-actin are shown on the left, and molecular
size standards are shown on the right. (B) Supernatants were collected at
90 min postinfection, and secreted IL-13 was measured by ELISA. (C) Levels
of cytotoxicity were measured by quantification of percent LDH release. The
data in panels B and C are average values * the standard errors of the means
from three independent experiments. By two-way ANOVA comparing the
C57BL/6 group to the Caspase-11~/~ group infected with 32777AyopM, P <
0.05 ().
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FIG 4 Interaction of host proteins with the GST-YopM32777, GST-YopMKM,
or GST-YopMKIM deletion variant by pulldown assay. Ten micrograms of
GST, GST-YopMKX™, or the indicated GST-YopMK™ deletion variant was
loaded onto GST-Bind Sepharose beads and subsequently incubated with ly-
sates prepared from C57BL/6 BMDMs activated by treatment with LPS and
ATP. Proteins bound to the beads were eluted, resolved by SDS-PAGE, and
detected by Western blotting with antibodies to caspase-1 or RSK1. (A) West-
ern blot pulldown assay of interaction of GST or the GST-YopMK™ or GST-
YopM32777 fusion protein with caspase-1 or RSK1. (B) Western blot pulldown
assay of interaction of GST, GST-YopMX™ or GST-YopMKM deletion variant
with caspase-1 or RSK1. SM, starting material; U, unbound; B, bound; W,
wash. The positions of 50-kDa procaspase-1, the cleaved 10-kDa caspase-1
subunit, and 90-kDa RSK1 are shown on the left, and molecular size standards
are shown on the right.

YopM?32777 (Fig. 4A, lane 9). These data suggest that sequence
differences account for the differential binding of YopMX™ and
YopM32777 to caspase-1. We previously constructed a series of
deletion variants of YopM*™ missing different numbers of LRRs
or the C terminus (Fig. 1) (22). We used GST fusions of two of the
YopMKIM deletion variants (A6-15 and A12-C) to delineate the
regions of the protein required for binding to procaspase-1 and
cleaved caspase-1. As shown in Fig. 4B, GST-YopMKX™ (lane 6)
and the A12-C variant (lane 12) bound to both procaspase-1 and
cleaved caspase-1, while the A6-15 variant (lane 9) failed to inter-
act with either protein. As expected, the A12-C variant failed to
bind RSK1, while the A6-15 variant retained this activity (Fig. 4B,
compare lanes 12 and 9). Thus, binding to both procaspase-1 and
cleaved caspase-1 requires LRRs 6 to 11 of YopMK™. Taken to-
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gether, these data demonstrate differential binding of caspase-1 by
YopMX™ and YopM?32777 in vitro, even though both proteins in-
hibit the activation of caspase-1 in vivo. The use of a different
isoform (YopMYPH!) or a different stimulus (infection) to activate
caspase-1 in macrophages could explain why LaRock and Cook-
son failed to detect binding of procaspase-1 in their experiments
(17).

LRRs 6 to 15 and the C terminus of YopMX™ are necessary
for inhibition of activation of caspase-1. To investigate which
domains of YopM¥M are required to inhibit the activation of
caspase-1 in macrophages, the A6-15, A12-C, and AC deletion
variants (Fig. 1) (22) and the wild-type protein were expressed in
32777AyopM under the control of the native YopM promoter
(Table 1). A Yop secretion assay confirmed that the expression
and stability of the YopMX™ deletion variants were similar to
those of the wild-type protein (Fig. 5A). These strains, as well as
the 32777 and 32777AyopM controls, were subsequently used to
infect C57BL/6 BMDMs to assess whether the LRR region of the
protein is sufficient to inhibit the activation of caspase-1. As ex-
pected, 32777AyopM was defective for inhibition of IL-1f3 secre-
tion in BMDMs and this phenotype was complemented by the
expression of YopMX™M (Fig. 5B). BMDMs infected with the strain
expressing the A6-15 variant secreted an amount of IL-18 similar
to that secreted by those infected with 32777AyopM (Fig. 5B).
Interestingly, strains expressing either the A12-C or the AC vari-
ant failed to inhibit IL-18 secretion (Fig. 5B and C), suggesting
that the C terminus of YopMX™ is important for inhibition of
caspase-1 activation. Taken together, the data reveal that both the
region comprising LRRs 6 to 15 and the C-terminal tail of
YopMKM are required for inhibition of the activation of
caspase-1.

A YLTD motif in YopM¥M js not required to inhibit the ac-
tivation of caspase-1. Mutation of the aspartic acid residue in the
YLTD motif in YopMYP™ to an alanine (D,,;A) abrogated its
ability to bind to and inhibit the activation of caspase-1 (17). We
introduced the identical mutation into the gene encoding
YopMKM to assess if the YLTD motif is required for the Y. pestis
protein to inhibit the activation of caspase-1. Figure 6A shows that
the YopMK™M D, A protein is produced by 32777AyopM at the
same levels as the wild-type protein in a Yop secretion assay (com-
pare lanes 2 and 3). Surprisingly, when we infected C57BL/6
BMDMs with 32777AyopM expressing the YopM¥™ D, A vari-
ant, both caspase-1 cleavage (Fig. 6B, lane 5) and IL-1p secretion
(Fig. 6C) were inhibited, arguing that the YLTD motif in
YopMKIM s not required to inhibit the activation of caspase-1.

YopMX™ jnteracts with IQGAP1. To determine if novel host
proteins bind to YopMK™, pulldown assays with LPS-primed
C57BL/6 BMDM lysates and GST, GST-YopMX™, or a GST-
YopMKIM A6-15 or A12-C deletion variant were carried out.
Bound proteins were, eluted, resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), and visualized
by silver staining. As shown in Fig. 7A, an ~200-kDa protein
bound to GST-YopMK™ (lane 2) and the A12-C variant (lane 5)
but not to GST (lane 1) or the A6-15 variant (lane 4). The ~200-
kDa protein was not detected when the pulldown was done with
GST-YopMKM in lysis buffer alone (Fig. 7A, lane 3), suggesting
that it was specific to the macrophage lysate. The region of the gel
containing the ~200-kDa protein was excised and subjected to
mass spectrometry analysis, and the corresponding protein was
identified as the murine scaffolding protein IQGAP1 (24). Inter-
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FIG 5 Analysis of YopMKX™ deletion variant stability and inhibition of IL-1 secretion in macrophages infected with Y. pseudotuberculosis. (A) Stability of
YopMKM deletion variants as shown by a Yop secretion assay and Western blotting with a monoclonal antibody that recognizes an epitope in the N-terminal
domain of the protein. The 32777AyopM strain encoding YopMK™ (KIM), the empty vector, or the indicated deletion variant was used for the Yop secretion
assay, and samples of secreted proteins analyzed by Western blotting were normalized by the OD of the bacterial cultures. (B and C) C57BL/6 BMDM:s primed
with 100 ng/ml LPS for 18 h were left uninfected or infected with the indicated strains of Y. pseudotuberculosis at an MOI of 30. Supernatants were collected at
90 min postinfection and analyzed by ELISA to quantify levels of secreted IL-183. The data are average values * the standard errors of the means from three or
four independent experiments. In panel B, a one-way ANOVA was used for comparisons with the AyopM + KIM group. *, P < 0.05; **, P < 0.01; ns, not

significant.

estingly, IQGAP1 has previously been identified as a target of the
type III effector proteins Ibe of enteropathogenic Escherichia coli
(27) and Ssel of Salmonella enterica serovar Typhimurium (28). In
these cases, IQGAP1 was important for pedestal formation in ep-
ithelial cells by E. coli (27) or inhibition of macrophage and den-
dritic cell migration by S. Typhimurium (28). To verify the results
obtained by mass spectrometry, samples from pulldown experi-
ments were analyzed by Western blotting with an antibody against
IQGAP1. As shown in Fig. 7B, IQGAP1 bound specifically to GST-
YopMK™M™ (lane 5) and the A12-C variant (lane 11). These data
indicate that YopMX™ interacts with IQGAP1 and that LRRs 6 to
11 are required for this interaction. Similar experiments per-
formed with GST-YopM32777 showed that IQGAP1 does not bind
to this isoform (data not shown). It remains to be determined
whether the interaction of IQGAP1 and YopMK™ is direct or
mediated by a cofactor.

IQGAP1 is important for caspase-1 activation in macro-
phages infected with Y. pseudotuberculosis. The interaction be-
tween YopM¥™ and the scaffolding protein IQGAP1 suggested to
us that the latter protein might be important for the activation of
caspase-1 in macrophages infected with Yersinia. We assessed the
role of IQGAP1 in the activation of caspase-1 by infecting LPS-
primed BMDM:s from wild-type 129 mice or 129 Iqgapl~/~ mice
with Y. pseudotuberculosis and measuring caspase-1 cleavage and
IL-1pB secretion. There was less cleavage of caspase-1 in Iqgapl /'~
BMDMs, than in BMDMs from 129 wild-type controls when they
were infected with 32777AyopM (Fig. 8A, compare lanes 8 and 3).
Additionally, there was significantly less secretion of IL-183 in
Iqgap1~/~ BMDMs than in the wild-type controls when they were
infected with 32777AyopM (Fig. 8B). We noted that secretion of
IL-1B by Iqgap1~/~ BMDMs infected with 32777AyopM was not
completely abolished but rather severely decreased (Fig. 8B), in-
dicating that IQGAP1 is important but not essential for activation
of caspase-1 under these conditions. Interestingly, in response to
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extracellular ATP, a canonical activator of the NLRP3 inflam-
masome, there was no noticeable difference in the amount of
cleaved caspase-1 (Fig. 8A, compare lanes 5 and 10) or secreted
IL-1p (Fig. 8B) between 129 and Iqgapl~/~ BMDM:s. Failure to
secrete IL-13 was not due to a defect of YopB/D translocon inser-
tion in Iqgapl~/~ BMDMs, as there was no noticeable difference
in YopM translocation between 129 and Iqgapl~/~ BMDMs
(Fig. 8C, compare lanes 1 and 4 and lanes 3 and 6). Additionally,
there was no detectable difference between 129 and Iggapl =/~
BMDMs in the kinetics of their cell rounding response to effectors
that disrupt the actin cytoskeleton (data not shown), indicating
that IQGAP1 is not required for translocation. These data suggest
that IQGAP1 is specifically important for activation of the NLRP3
inflammasome in macrophages during Yersinia infection but dis-
pensable for other NLRP3-dependent stimuli that lead to
caspase-1 activation. To determine if IQGAP1 is required for the
formation of macromolecular complexes of NLRP3 or a later step
in inflammasome assembly, we used immunofluorescence mi-
croscopy to detect NLRP3 focus formation in 129 or Iggapl =/~
BMDMs infected with Y. pseudotuberculosis. NLRP3 foci were not
detected in uninfected 129 BMDM:s but were detected in these
cells infected with 32777 (see Fig. S3 in the supplemental mate-
rial). In addition, NLRP3 foci formed in 129 and Iqgapl /~
BMDMs infected with 32777AyopM (see Fig. S3), suggesting that
IQGAPI functions downstream of NLRP3 activation. These re-
sults are consistent with the idea that YopM inhibits the recruit-
ment of procaspase-1 to NLRP3 preinflammasomes (17) through
targeting of IQGAP1.

Summary. We have extended the results of LaRock and Cook-
son (17) by showing that (i) distinct YopM isoforms inhibit the
activation of caspase-1, (ii) the LRR region and C-terminal tail are
both required for this activity, and (iii) YopMX™ binds to
IQGAP1, which we have identified as a novel regulator of inflam-
masome function in macrophages. A model of the activation of
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FIG 6 Analysis of YopMX™M D, A stability and the ability to inhibit the
activation of caspase-1 in macrophages infected with Y. pseudotuberculosis. (A)
Stability of the YopMXM D, A variant as shown by a Yop secretion assay with
a monoclonal antibody directed against the N terminus of YopM.
32777AyopM with the empty vector or expressing YopMKM or YopMKIM
D, A was used for the Yop secretion assay, and samples were normalized by
the OD of the bacterial cultures. (B and C) BMDMs primed with 100 ng/ml
LPS for 18 h were left uninfected or infected at an MOI of 30 with 32777,
32777AyopM, or 32777 AyopM expressing YopMK™M or YopMKM D, A. (B)
At90 min postinfection, BMDM lysates were collected and Western blotted for
cleaved the 10-kDa caspase-1 subunit. 3-Actin was used as a loading control
(C) Supernatants were analyzed by ELISA for secreted IL-1p. The data in panel
C are average values = the standard errors of the means from three indepen-
dent experiments. *, P < 0.05 (compared with the 32777AyopM group by
one-way ANOVA).

the NLRP3 inflammasome in macrophages in response to Yersinia
infection and mechanisms of caspase-1 inhibition by YopM is
presented in Fig. 9. We speculate that translocon insertion and
effector translocation generate distinct signals that sequentially
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B GST KIM AB-15 A12-C
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Lysate:

IQGAP1
188 kDa

1 2 3 4 5 6 7 8 9 10 M1

FIG 7 Identification of IQGAPI as a novel binding partner of YopMXM, Ten
micrograms of GST, GST-YopMKM, or the GST-YopMKM deletion variant
indicated was loaded onto GST-Bind Sepharose beads and subsequently incu-
bated with lysates prepared from LPS-primed C57BL/6 BMDMs or lysis buffer
alone. Unbound proteins were removed, the beads were washed, and bound
proteins were eluted and resolved by SDS-PAGE. (A) Silver staining detection
of eluted proteins after incubation with BMDM lysate (lanes 1, 2, 4, and 5) or
lysis buffer alone (lane 3). The arrow indicates an ~200-kDa protein that was
excised from the gel, fragmented by trypsin digestion, subjected to analysis by
LC-MS/MS, and identified as murine IQGAPI. (B) Western blot analysis of
samples (starting material [SM], unbound [U], and bound [B]) from pull-
down assays with BMDM lysate (lanes 1 to 5 and 8 to 11) or lysis buffer alone
(lanes 6 and 7) with an antibody against IQGAP1 (188 kDa).

stimulate the formation of NLRP3 preinflammasomes (signal 2)
and recruitment of caspase-1 to NLRP3 foci (signal 3) to complete
inflammasome formation (Fig. 9). Translocon insertion could
generate signal 2 by causing ion fluxes or other types of plasma
membrane perturbation, while the entry of effectors, or PAMPs,
into the cytosol may generate signal 3 (Fig. 9). Our data show that
the C-terminal tail and LRRs 6 to 15 of YopMX™ are required to
inhibit caspase-1 activation (mechanism A in Fig. 9). Preliminary
results of translocation assays indicate that the A6-15 and A12-C
variants exhibit reduced translocation and/or stability in infected
macrophages, compared to the AC variant and YopM*™ (data
not shown). Therefore, the A6-15 and A12-C variants may be
defective for inhibition of caspase-1 activation, in part because of
reduced translocation or stability. The requirement for the C ter-
minus, which is necessary for virulence in vivo (21, 22), may reflect
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FIG 8 Measurement of caspase-1 activation and YopM translocation in 129
or Iqgapl~/~ mouse macrophages infected with Y. pseudotuberculosis. BM-
DMs from 129 or Iqgapl~/~ mice were primed with 100 ng/ml LPS for 18 h
and left uninfected or infected for 90 min at an MOI of 30 with the indicated
strains of Y. pseudotuberculosis. Alternatively, 129 or Iqgapl—/~ BMDMs were
treated with 100 ng/ml LPS for 4 h and then exposed to 2.5 mM ATP for 1 h to
serve as a positive control for activation of caspase-1. (A) Lysates were collected
and processed by Western blotting for cleaved caspase-1 or B-actin. (B) Su-
pernatants were collected and analyzed by ELISA to quantify levels of secreted
IL-1PB. (C) Lysates were collected and processed by Western blotting for YopM
or B-actin. The data in panel B are average values = the standard errors of the
means from three independent experiments. **, P < 0.01 (compared to
32777AyopM-infected 129 BMDMs by one-way ANOVA).

its role in the multimerization of YopM (Fig. 9) (21). It will be
important to determine if RSK1, by promoting YopM multim-
erization or exhibiting kinase activity, has an important role in the
inhibition of caspase-1 cleavage. We suggest that LRRs 6 to 11 in
YopMKM are essential for inhibition of caspase-1 activation be-

8 mBio mbio.asm.org

cause they target the protein to IQGAP1 (Fig. 9). It is unclear how
IQGAP1 functions in this novel capacity to activate caspase-1, but
as shown in Fig. 9, it is possible that it is important to transmit
signal 3 for the recruitment of procaspase-1 to NLRP3 preinflam-
masomes. Using immunofluorescence microscopy we were un-
able to detect the localization of IQGAP1 to NLRP3 foci in mac-
rophages infected with yopM mutant Y. pseudotuberculosis (data
not shown). IQGAP1 is a ubiquitously expressed scaffolding pro-
tein that plays a role in diverse cellular processes (29, 30), and
although it does not appear to localize to NLRP3 foci, it does
interact with multiple host proteins, including Rho GTPases and
kinases (29), that could regulate inflammasome assembly.
IQGAPI could also control caspase-1 cleavage by regulating actin
organization or transcription, as these processes are known to be
important for activation of the NLRP3 inflammasome. It remains
to be determined if and how YopM*™M inhibits IQGAP1 function.
Preliminary experiments show that steady-state levels of IQGAP1
are unaffected by the presence of YopM*™ in macrophages in-
fected with Y. pseudotuberculosis. A final issue that remains to be
addressed is the role of the YLTD motif (17), which appears to be
required for YopMYP!! to inhibit procaspase-1 recruitment to
NLRP3 foci, activation of caspase-1 in macrophages, and
caspase-1 activity in vitro (mechanism B, Fig. 9), but is dispensable
for YopM?3?777 and YopMK™ to inhibit the activation of caspase-1
in macrophages. YopMYP!!T and YopMX™ are 99.5% identical at
the amino acid level (17), making it unlikely that amino acid dif-
ferences between these isoforms could explain the different results
obtained. It seems more likely that in 15-LRR YopM isoforms that
contain a YLTD motif, the sequence naturally plays a cryptic role
in the inhibition of caspase-1, and the specific in vitro experimen-
tal conditions used by LaRock and Cookson uncovered an unusu-
ally important role for this motif. A Y. pseudotuberculosis strain
expressing a 15-LRR isoform (YopM!26¢¢) in which repeats 10 to
11 were deleted was fully virulent in a mouse model of infection
(21), arguing that the YLTD motif is dispensable for caspase-1
inhibition in vivo. A better understanding of how different YopM
isoforms inhibit the activation of caspase-1 in macrophages is
likely to lead to new insights into how inflammasomes are regu-
lated and promote host protection against microbial infections.

MATERIALS AND METHODS

Bacterial strains and plasmids. A description of the Y. pseudotuberculosis
strains used in this study is provided in Table 1. A frame-shift mutation
was introduced into yopK in 32777 as previously described (31), generat-
ing 32777AyopK. An in-frame deletion of yopB was constructed in the
32777AyopM background as previously described (31), generating
32777AyopMyopB. Vectors encoding YopMKX™ and YopMKM deletion
variants under the control of the native YopM promoter were generated in
pMMB67EH and used to transform 32777AyopM as previously described
(22). The pYopMKIM A12-C vector was reconstructed in this study by the
same approach and was analyzed independently of the other deletion
variants, as shown in Fig. 5C. The vector pYopMK™ D,_ A was con-
structed as follows. The D,,;A codon change was introduced into
pYopMKIM with the QuikChange site-directed mutagenesis kit (Agilent)
and primers described in reference 17. The plasmids constructed in this
study were verified by sequencing. 32777 and 32777AyopM were trans-
formed with a plasmid expressing green fluorescent protein (GFP) by
mating with E. coli s17-1Apir harboring p67GFP3.1 as previously de-
scribed (32). For infection of BMDMs, Y. pseudotuberculosis strains were
grown overnight in Luria broth (LB) at 28°C. The following day, cultures
were diluted 1:40 in LB containing 20 mM MgCl, and 20 mM sodium
oxalate, grown at 28°C for 1 h, and then shifted to 37°C for 2 h. For analysis
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of active caspase-1.

of secreted Yops, yersiniae were diluted and grown as described above,
except at 28°C for 2 h, followed by a temperature shift to 37°C for 4 h.

Mouse infections. Y. pseudotuberculosis cultures were grown over-
night in LB at 28°C, washed twice with phosphate-buffered saline (PBS),
and suspended to approximately 1.5 X 10* CFU/ml. A volume of 100 ul
from this suspension was delivered by tail vein injection into Caspase-1/
117/~ mice (33) (a gift from Adrianus van der Velden, Stony Brook Uni-
versity). Time to death was monitored for 21 days, at which point the
remaining mice were euthanized. All mice were handled according to the
guidelines for the humane care and use of experimental animals, and the
procedures used were approved by the Stony Brook University Institu-
tional Animal Care and Use Committee.

Bone marrow isolation and culture conditions. Bone marrow was
isolated from femur exudates of 6- to 8-week-old female C57BL/6 wild-
type (Jackson Laboratories), Caspase-1="~ (34), Caspase-11~/~ (35), or
Caspase-1/117"~ (36) mice or 129 wild-type or Iqgapl—/~ (37) mice as
previously described (38). At 18 h prior to infection, BMDMs were seeded
into tissue culture plates in Dulbecco’s modified Eagle medium (Invitro-
gen) supplemented with 10% fetal bovine serum (HyClone), 15% L-cell-
conditioned medium, 1 mM sodium pyruvate, 2 mM glutamate, and
100 ng/ml E. coli LPS (Sigma). BMDMs were used to seed six-well plates at
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a density of 0.8 X 10° cells/well for all of the experiments except those in
Fig. 3, where 48-well plates were seeded at 2.0 X 10° cells/well.

Macrophage infection or stimulation conditions. LPS-primed
BMDMs were left uninfected or infected with Y. pseudotuberculosis grown
under the conditions described above at a multiplicity of infection (MOI)
of 30. Tissue culture plates were centrifuged for 5 min at 95 X gto facilitate
the contact of yersiniae with BMDMs. Plates containing BMDMs were
subsequently incubated at 37°C with 5% CO,. At 90 min postinfection,
cell supernatants were collected and analyzed for secreted IL-18 and LDH
release while cell lysates were harvested for Western blotting of host pro-
teins. As a positive control for activation of caspase-1, BMDMs were
primed with 100 ng/ml E. coli LPS for 4 h and subsequently given 2.5 mM
adenosine triphosphate (ATP) for 1 h.

Western blotting of macrophage cell lysates. BMDMs were washed
twice with cold Hanks balanced salt solution to remove residual phenol
red and lysed in lysis buffer (1% NP-40, 150 mM NaCl, 50 mM Tris-HCI
[pH 8.0], protease inhibitor cocktail [Complete, Mini, EDTA-free;
Roche]). Proteins were resolved by SDS-PAGE with NuPAGE Novex 4 to
12% Bis-Tris gels (Invitrogen) unless indicated otherwise, transferred
onto a polyvinylidene difluoride (PVDF) membrane, and probed with
rabbit polyclonal anti-caspase-1 (Santa Cruz Biotechnologies), rabbit
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polyclonal anti-RSK1 (Abcam), and mouse monoclonal anti-IQGAP1
(BD Biosciences) antibodies. Horseradish peroxidase (HRP)-conjugated
anti-rabbit (Cell Signaling) and anti-mouse (Jackson ImmunoResearch)
antibodies were used as secondary reagents. To control for loading, West-
ern blots were stripped and reprobed with anti-B-actin antibody conju-
gated to HRP (Sigma-Aldrich). Signals in Western blot assays were de-
tected with Amersham ECL Prime Western blotting detection reagent
(GE Healthcare).

ELISA. Levels of secreted IL-1B in supernatants collected from
BMDMs were analyzed with a commercially available ELISA kit (R&D
Biosystems) according to the manufacturer’s instructions.

Cytotoxicity assay. The LDH released into supernatants of BMDMs
was quantified with the LDH Cytotoxicity Assay kit (Clontech) according
to the manufacturer’s instructions.

Analysis of Yop secretion. Following growth of Yersinia cultures as
described above, bacteria were removed by centrifugation and trichloro-
acetic acid (10%, wt/vol) was added to the supernatants to precipitate and
collect secreted Yops as previously described (22). Samples were subse-
quently processed for Western blotting with mouse monoclonal antibod-
ies (6-1CE or 2A3.3A8.1A2) that recognize epitopes in the N-terminal
region of YopM (a gift from Susan Straley, University of Kentucky),
mouse monoclonal anti-YopB antibodies (76.15, 190.11, or 328.1 [un-
published data]), or mouse monoclonal anti-YopE antibodies (149.27 or
202.19 [unpublished data]).

Purification of GST-YopM proteins. E. coli strains harboring
pGEX-2T, pGEX-2T YopMKM, pGEX-2T YopM?377, pDEST15
YopMKIMA6-15 " or pDEST15 YopMKIMAI2-C (22) were grown in LB at
37°C to an optical density (OD) at 600 nm of 0.3 to 0.6. Isopropyl-B-p-
thiogalactopyranoside (IPTG) was then added to a final concentration of
0.1 mM, and the cultures were grown for an additional 4 h. Bacteria were
collected by centrifugation and lysed with Lysonase and Bugbuster re-
agents (Novagen) according to the manufacturer’s instructions. Superna-
tants containing bacterial proteins were added to GST-Bind Resin
(Novagen) and incubated for 30 min at 4°C on a rotating shaker. Samples
were washed, and bound GST and GST-fused proteins were eluted ac-
cording to the manufacturer’s instructions. Purified proteins were dia-
lyzed against PBS and used for GST pulldown assays or stored at —80°C.

GST pulldown assay. Ten micrograms of purified GST or GST-fused
protein was added to 20 ul of GST-Bind Resin (Novagen) and incubated
at 4°C for 30 min. Beads were then washed three times with 1X GST
Bind/Wash Buffer (Novagen). Uninfected, LPS-primed or LPS- and ATP-
treated BMDMs were incubated in lysis buffer as described above, and the
resulting lysates were added to the beads and incubated for2hat4°Cona
rotating shaker. Resin-containing bound proteins were washed four times
in lysis buffer and boiled in sample buffer, and the eluted proteins were
separated by SDS-PAGE. Proteins were transferred to PVDF membranes,
and Western blotting was performed as described above.

Silver staining and mass spectrometry. Samples from GST pulldown
assays were resolved by SDS-PAGE. Gels were subsequently stained with
the SilverQuest Stain kit (Invitrogen) according to the manufacturer’s
instructions. Specific bands were excised from the gel, fragmented by
trypsin digestion, and subjected to analysis by liquid chromatography-
tandem mass spectrometry (LC-MS/MS).

Yop translocation assays. Yop translocation assays were performed as
previously described (39). Briefly, infected BMDMSs were incubated in
lysis buffer as described above and the soluble fraction of the lysate was
collected and analyzed for the presence of YopM by Western blotting as
described above.

Fluorescence microscopy. BMDMs were seeded onto glass coverslips
pretreated with ethanol and acetone and sterilized to remove contami-
nants. BMDMs were left uninfected or infected as described above, except
that the tissue culture medium was supplemented with 0.5 mM IPTG to
induce GFP expression. BMDMs were washed twice with PBS, fixed with
2.5% paraformaldehyde, permeabilized with 0.1% Triton X-100, and
blocked with bovine serum albumin as previously described (40).
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BMDMs were incubated with a primary rabbit anti-NLRP3 polyclonal
antibody (Santa Cruz Biotechnologies). Binding of the primary antibody
was visualized by the addition of Alexa Fluor 594-conjugated anti-rabbit
antibody (Invitrogen), and DNA was stained by the addition of 4,6'-
diamidino-2-phenylindole (DAPI) dilactate. Coverslips were mounted
onto glass slides with ProLong Gold antifade reagent (Invitrogen) and
imaged with an Axiovert S100 (Zeiss) with a 32X objective. Images were
taken with a SPOT camera (Diagnostic Instruments) and processed with
Adobe Photoshop CS 5.1.

Statistical analysis. Experimental data analyzed for significance with
GraphPad Prism 6.0 were from at least three independent experiments.
Probability (P) values for IL-13 and LDH experiments were calculated by
one-way analysis of variance (ANOVA) or grouped two-way ANOVA
with Turkey’s multiple-comparison posttest. P values from mouse sur-
vival experiments were calculated by log rank test. P values of <0.05 were
considered significant.

SUPPLEMENTAL MATERIAL
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