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a  b  s  t  r  a  c  t

Nucleotide-binding  oligimerization  domain  (NOD)-like  receptors  (NLRs)  are  pattern  recognition  recep-
tors (PRRs)  involved  in innate  immune  responses.  NLRs  encode  a  central  nucleotide-binding  domain
(NBD)  consisting  of the  NAIP,  CIITA,  HET-E  and  TP1  (NACHT)  domain  and  the NACHT  associated  domain
(NAD),  which  facilitates  receptor  oligomerization  and  downstream  inflammasome  signaling.  The  NBD
contains  highly  conserved  regions,  known  as Walker  motifs,  that  are  required  for  nucleotide  binding  and
hydrolysis.  The  NLR containing  a PYRIN  domain  (PYD)  7 (NLRP7)  has  been  recently  shown  to assemble  an
ASC  and  caspase-1-containing  high  molecular  weight  inflammasome  complex  in  response  to microbial
acylated  lipopeptides  and  Staphylococcus  aureus  infection.  However,  the  molecular  mechanism  respon-
sible  for  NLRP7  inflammasome  activation  is  still elusive.  Here  we demonstrate  that  the  NBD  of  NLRP7
is  an  ATP  binding  domain  and has  ATPase  activity.  We  further  show  that  an intact  nucleotide-binding
Walker A motif  is  required  for  NBD-mediated  nucleotide  binding  and  hydrolysis,  oligomerization,  and
NLRP7  inflammasome  formation  and  activity.  Accordingly,  THP-1 cells  expressing  a mutated  Walker
A  motif  display  defective  NLRP7  inflammasome  activation,  interleukin  (IL)-1!  release  and  pyroptosis
in  response  to  acylated  lipopeptides  and  S. aureus  infection.  Taken  together,  our results  provide  novel
insights  into  the  mechanism  of  NLRP7  inflammasome  assembly.

©  2015  Elsevier  Ltd. All  rights  reserved.

1. Introduction

The intracellular nucleotide-binding oligomerization domain
(NOD)-like receptor (NLR) gene superfamily represents
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evolutionary-conserved innate immune pattern recognition
receptors (PRRs). They detect pathogen-associated and damage-
associated molecular patterns (PAMPs and DAMPs, respectively),
and have been determined to trigger diverse pro-inflammatory
host defense signaling pathways that contribute to pathogen
clearance and wound healing, including inflammasome activation,
activation of NF-"B and MAPK, and transcriptional control of MHC
and related genes. NLRs are composed of a characteristic tripartite
domain architecture featuring C-terminal ligand sensing and
auto-regulatory leucine-rich repeats (LRRs), a central nucleotide-
binding domain (NBD) comprised of the NACHT (NAIP, CIITA,
HET-E and TP1) domain and NACHT-associated domain (NAD), and
a variable N-terminal effector domain responsible for homo-typic
protein–protein interactions, which enable downstream signaling.
The 22 human members are sub-classified according to their
effector domain as NLRA (containing an activation domain, AD),
NLRB (containing a baculovirus inhibitor of apoptosis domain, BIR),
NLRCs (containing a caspase activation and recruitment domain,
CARD), NLRX (containing an X domain) and NLRPs (containing a
PYRIN domain, PYD).
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Several NLRs assemble inflammasomes, which are large, multi-
protein signaling complexes consisting of NLRs, the adaptor protein
apoptosis-associated speck-like protein containing a CARD (ASC)
and caspase-1 (Martinon et al., 2002; Ratsimandresy et al., 2013;
Schroder and Tschopp, 2010; Khare et al., 2010). Infection and
tissue damage, as well as pathogen-, environmental- or host-
derived danger signals trigger inflammasome formation, which
subsequently leads to caspase-1 activation. Active caspase-1 is
required for the proteolytic maturation and release of the pro-
inflammatory cytokines interleukin (IL)-1! and IL-18 (Kostura
et al., 1989; Thornberry et al., 1992; Fantuzzi et al., 1999; Ghayur
et al., 1997; Kuida et al., 1995; Li et al., 1995), induction of pyroptosis
(Fink and Cookson, 2006) and the release of alarmins and dan-
ger signals, including IL-1#, HMGB1 and inflammasome particles
(Baroja-Mazo et al., 2014; Franklin et al., 2014; Groß et al., 2012;
Lamkanfi et al., 2010; Willingham et al., 2009). The mechanism for
inflammasome assembly involves ASC nucleation and the subse-
quent self-perpetuating polymerization of ASC (Cai et al., 2014; Lu
et al., 2014; Man  et al., 2014; Chu et al., 2015). Consequently poly-
merized ASC nucleates caspase-1 polymerization, which results
in its activation (Stehlik et al., 2003a,b; Srinivasula et al., 2002).
ASC nucleation is facilitated by NLRs and their ASC nucleation effi-
ciency is enhanced upon NBD-dependent NLR oligomerization (Lu
et al., 2014). NLRs belong to the signal transduction adenosine
triphosphatases (ATPases) with numerous domains (STAND) sub-
family within the ATPases associated with various cellular activities
(AAA+) superfamily (Leipe et al., 2004; MacDonald et al., 2013).
Since the 3D structure of a prototypical NACHT-NAD domain has
not been resolved yet, it has only been characterized in silico
by multiple sequence homology alignments, secondary structure
prediction analyses as well as homology modeling (MacDonald
et al., 2013; Proell et al., 2008). The overall secondary structure
is conserved between the NACHT-NAD domain and the NB-ARC
domain of the apoptotic ATPase apoptotic peptidase activating fac-
tor 1 (APAF-1), another STAND family member (Reubold et al.,
2011; Riedl et al., 2005). The NACHT domain consists of two  dis-
tinct conserved regions. (1) The Walker A motif [GxxxxGK(S/T)],
which forms the integral phosphate-binding loop (P-loop) and
coordinates the ! and $ phosphates of the nucleotide during
hydrolysis (Eibl et al., 2012; MacDonald et al., 2013). Particu-
larly, the highly conserved lysine residue is responsible for the
coordination of the $-phosphate (Traut, 1994). (2) The Walker B
motif [(R/K)xxxxGxxxxLhhhhD], which is situated downstream of
the Walker A motif in most P-loop proteins, is involved in the
coordination of Mg2+ ions and contributes to ATP binding and
ATPase catalytic activity (Iyer et al., 2004). The NAD is a C-terminal
extension of the NACHT domain and shares significant homology
with domains of APAF1 and contains a particular proline residue
that is proposed to interact with the adenine ring of bound ATP
(MacDonald et al., 2013). STAND proteins function as molecular
switches, with the “OFF” position corresponding to a monomeric,
resting ADP-bound form and the “ON” position corresponding to
an ATP-bound, oligomeric form, competent of downstream signal-
ing through the effector domains. Experimentally this model has
been confirmed for NLRC4, where the LRR sterically blocks the NBD
and sequesters NLRC4 in a monomeric state (Danot et al., 2009; Hu
et al., 2013). Binding of an inducer to the sensor domain promotes
ADP/ATP exchange and induces a conformational change result-
ing in protein activation by removing intramolecular inhibitory
interactions, and hence facilitating oligomerization (Danot et al.,
2009; Hu et al., 2013). Evidence for this nucleotide-dependent
oligomerization model has been observed in several NLRPs. NLRP1
binds ATP, GTP, CTP, TTP and UTP to form a caspase-1-activating
complex in vitro (Faustin et al., 2007), NLRP12 requires ATP bind-
ing activity in order to elicit its anti-inflammatory role (Ye et al.,
2008) and NLRP3 inflammasome activation also depends on ATP

binding and ATPase activity (Duncan et al., 2007). If the Walker
A motif is experimentally mutated, these NLRs lose their function
and even hereditary gain-of-function mutations in NLRP3, which
cause Cryopyrinopathies, depend on nucleotide binding and lose
their activity as a consequence of mutation of the Walker A motif
(Duncan et al., 2007). However, Walker A mutations in NLRP1B
result in an over-active protein, suggesting that mechanistic dif-
ferences exist within the NLR family NBDs (Faustin et al., 2007).

NLRP7 belongs to the NLRP subfamily and forms an ASC and
caspase-1-containing inflammasome in human macrophages in
response to microbial acylated lipopeptides (acLP) and bacterial
infection with Staphylococcus aureus and Listeria monocytogenes
(Khare et al., 2012; Radian et al., 2013). Accordingly, NLRP7 is
present in high molecular weight complexes following S. aureus
infection (Khare et al., 2012). It has also been reported to co-localize
with the Golgi and microtubules and inhibit IL-1! (Messaed et al.,
2011a,b; Kinoshita et al., 2005). NLRP7 contains a predicted NBD
domain and has recently been shown to self-associate through its
NAD domain (Singer et al., 2014). However, it is currently unknown,
if the NLRP7 NBD has ATPase activity and if this is involved in
inflammasome activation.

In this study, we demonstrate for the first time that the NBD of
NLRP7 binds ATP and exhibits ATPase activity and that this activ-
ity is required for NLRP7 oligomerization. We  further show that an
intact Walker A motif is necessary for NLRP7 inflammasome activa-
tion by acLPs and S. aureus.  Thus, our results provide novel insights
into the activation mechanism of NLRP7 and contribute to a better
understanding of NLR activation.

2. Materials and methods

2.1. Materials and cell culture

The human embryonic kidney (HEK) 293 cell line was obtained
from ATCC and maintained in DMEM containing 10% FBS and
100 IU/ml penicillin, 1 mg/ml  streptomycin. THP-1 cells were
obtained from ATCC and maintained in RPMI 1640 media, sup-
plemented with 10% FBS, 1 mM sodium pyruvate, 1 mM HEPES
buffer, 100 IU/ml penicillin, 1 mg/ml  streptomycin, 2 mM glu-
tamine, and 0.05 mM 2-mercaptoethanol. Cells were routinely
tested for Mycoplasma contamination by PCR and TLR2 activa-
tion assay (Invivogen). Recombinant lentivirus was produced in
HEK293-lenti cells (Clontech) by Xfect-based transfection (Clon-
tech) with pLEX expression plasmids encoding myc-NLRP7 or
myc-NLRP7WA and the packaging plasmids pMD.2G and psPAX2
(Addgene plasmids 12259 and 12260), followed by filtration
(0.45 %m).  THP-1 cells were stably transduced with lentiviral parti-
cles in the presence of polybrene (0.5 %g/ml) using magnetic beads
(ExpressMag, Sigma) or spinoculation and selected with Puromycin
(0.5 %g/ml) for 2 weeks. Expression of NLRP7 and NLRP7WA was
verified by immunoblot. Cells were lysed in Laemmli buffer and
cleared samples were separated by SDS-PAGE, transferred to PVDF
membranes and analyzed by immunoblotting with anti-myc anti-
bodies (Santa Cruz Biotechnology) and HRP-conjugated secondary
antibodies (GE Healthcare), ECL detection (Pierce), and image
acquisition (Ultralum). Cells were treated with FSL-1 (0.1 mg/ml),
Pam3CSK4 (2 mg/ml), or HKAL (2 × 105 cfu/ml).

2.2. Plasmids

pcDNA3-based expression constructs for ASC, NLRP3, pro-
caspase-1, pro-IL-1! and NLRP7 were described earlier (Bryan
et al., 2010; Dorfleutner et al., 2007a,b; Khare et al., 2012;
Stehlik et al., 2003a,b). NLRP7GKT183,184,185AAA (NLRP7WA)
was generated by site directed mutagenesis and NLRP7NBD
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by PCR (5′-CCGAATTCCCTGAGCTGGGAGATGCAGAAG-3′, 5′-
GGCTCGAGTCCCAATGAAAGCAAGACAGA-3′) and cloned into
pcDNA3-myc, pcDNA3-HA, pLEX-Myc and pGS-21a (GenScript)
plasmids. All expression constructs were sequence verified.

2.3. Quantification of IL-1  ̌ secretion by ELISA

Culture supernatants were analyzed for IL-1! secretion by ELISA
(BD Biosciences) according to the manufacturer’s instructions.

2.4. Bacterial infection and caspase-1 activation

12 × 106 THP-1 cells were infected with S. aureus (MOI = 5),
spinoculated at 500 g for 10 min, and incubated for the indicated
times. To detect active caspase-1 by immunoblot, cells were col-
lected by centrifugation and lysed in Laemmli buffer. Cleared
culture supernatants were TCA precipitated and resuspended in
Laemmli buffer by sonication and analyzed by SDS/PAGE and
immunoblotting using anti-caspase-1 p20 (Imgenex), and anti-
active caspase-1 p20 (Cell Signaling) antibodies. For quantification
of pyroptosis, 1.5 × 105 THP-1 cells were plated in triplicates in
white 96-well plates and infected with S. aureus as above. Propid-
ium iodide (1 %g/ml) was added to each well, and the cells were
spinoculated for 5 min  at 500 × g, PI binding to DNA was  quantified
by kinetic fluorescence reading in a Synergy HT microplate reader
(Bio-Tek) at 37 ◦C using 525 nm absorbance and 620 nm excitation
filters.

2.5. Inflammasome reconstitution system

The inflammasome reconstitution assay has been described ear-
lier (Bryan et al., 2010; Dorfleutner et al., 2007a,b; Khare et al.,
2012; Stehlik et al., 2003a,b). Briefly, HEK293 cells were transfected
in 12-well dishes with expression constructs for mouse pro-IL-1!,
pro-caspase-1, ASC and NLRs using Xfect (Clontech). Where indi-
cated, cells were transfected 24 h after the first transfection with
transfection mixture or FSL-1 (500 ng) with Lipofectamine 2000.
Culture supernatants were collected 12 h post-transfection, clari-
fied by centrifugation and analyzed for IL-1! secretion by ELISA
or caspase-1 activation was determined by immunoblot in total
cell lysates. Expression of all cDNAs was verified by SDS/PAGE and
immunoblot in total cell lysates.

2.6. Recombinant GST protein purification

BL21 Escherichia coli was transformed with pGS-21a bacterial
expression plasmids encoding GST, GST-NLRP7NBD, and GST-
NLRP7NBD(WA). Cultures were grown overnight, diluted 1:20, and
then grown until an OD600 of 0.5. Recombinant protein expression
was induced using 0.4 mM IPTG for 6 h at 37 ◦C, followed by repet-
itive freeze-thaw lysis of bacteria in PBS. Lysates were adjusted to
1 mg/ml  lysozyme, 1 mM PMSF, 1 mM DTT, 2% Sodium lauroyl sar-
cosinate, 4% Triton X-100, 10 mM CHAPS and GST proteins were
affinity purified using Glutathione Resin (GenScript).

2.7. GST pull–down

HEK293N cells were plated in 6-well plates (2 × 106 cells/well)
and transfected with expression constructs encoding either myc-
NLRP7 or myc-NLRP7NBD. 48 h post transfection, cells were lysed
(50 mM Tris–HCl pH 7.5, 100 mM NaCl, 0.5% Triton X-100, 1 mM
Sodium Pyrophosphate, 2 mM MgCl2, 1 mM PMSF, supplemented
with 1× Protease Inhibitor Cocktail (Roche)) for 30 min  on ice. Total
cell lysates (TCL) were clarified by centrifugation, and incubated
on a nutator at 4 ◦C for 4 h with glutathione resin-immobilized GST
or GST-NLRP7NBD (1 %g). Beads were washed 3× with lysis buffer

and eluted in 30 %l 2× Laemmli buffer. Co-purified proteins were
resolved by SDS/PAGE and immunoblot using rabbit anti-myc anti-
body (Santa Cruz Biotechnology) and HRP-conjugated secondary
antibodies, ECL detection (Pierce), and image acquisition (Ultra-
lum). TCL (5–10%) were also analyzed where indicated.

2.8. Co-immunoprecipitation

HEK293N cells were transfected as above with myc-NLRP7NBD,
myc-NLRP7NBD(WA), HA-NLRP7NBD, or HA-NLRP7NBD(WA). 48 h post
transfection, cells were lysed (50 mM Tris–HCl pH 7.5, 180 mM
NaCl, 0.5% Triton X-100, 1 mM Sodium Pyrophosphate, 2 mM
MgCl2, 1 mM PMSF, 1 mM  ATP, supplemented with 1× protease
inhibitor cocktail (Roche)) for 30 min  on ice. TCL were clarified
by centrifugation, and incubated on a nutator at 4 ◦C for 4 h with
agarose bead-immobilized mouse anti-myc antibody (Santa Cruz
Biotechnology). Bound proteins were washed 3× in lysis buffer,
eluted in 30 %l 2× Laemmli buffer and detected by SDS/PAGE
immunoblotting using directly HRP-conjugated anti-HA and anti-
myc  antibodies (Santa Cruz Biotechnology).

2.9. ATP-binding assay

HEK293N cells were transfected as above, lysed (50 mM
Tris–HCl pH 7.5, 100 mM NaCl, 0.5% Triton X-100, 1 mM Sodium
Pyrophosphate, 2 mM MgCl2, 1 mM PMSF, supplemented with 1×
protease inhibitor cocktail (Roche)), clarified by centrifugation,
where indicated, supplemented with ATP and incubated with 3%
BSA blocked control agarose and agarose-immobilized ATP (Sigma)
on a nutator at 4 ◦C for 4 h. Bound proteins were washed 3× with
lysis buffer and eluted in 30 %l 2× Laemmli buffer and detected by
SDS/PAGE immunoblotting using anti-myc antibodies (Santa Cruz
Biotechnology).

2.10. ATPase assay

NLRP7 ATPase activity was  determined using the ADP-Glo
Kinase Assay (Promega), according to manufacturer’s protocol.
ADP-generating enzyme activity is detected after depletion of
remaining ATP and conversion of the generated ADP to ATP, which
is then measured using a luciferase/luciferin reaction. Lumines-
cence is correlated to ADP concentrations by using an ATP-to-ADP
conversion curve. Briefly, 25 %L reactions were performed in 96-
well plates using 1 %g recombinant protein in enzyme buffer
(50 %M ATP, 40 mM Tris–HCl pH 7.5, 20 mM MgCl2, 0.1 mg/ml BSA)
at 25 ◦C for 2 h. Luminescence was measured using a Synergy HT
Microplate Reader (Bio-Tek).

2.11. Size exclusion chromatography

Size exclusion chromatography (SEC) was performed as previ-
ously described (Khare et al., 2012). HEK293N cells were transiently
transfected as described above. 9 × 106 cells were lysed in SEC lysis
buffer (20 mM Tris–HCl pH 7.4, 150 mM NaCl, 1% octylglucoside,
1 mM MgCl2, 1 mM ATP, supplemented with 1× Roche protease
inhibitor cocktail), followed by Dounce homogenization on ice. TCL
was cleared by centrifugation (13,000 × g at 4 ◦C for 30 min) and
then filtered (0.45 %M).  TCL and MW standards were subjected
to SEC on a 16 mm × 600 mm  HiPrep Sephacryl S300HR column
(GE Healthcare) in SEC running buffer (50 mM Tris pH 7.4, 150 mM
NaCl) at 4 ◦C at a flow rate of 0.5 ml/min. Individual fractions were
TCA precipitated, dissolved in Laemmli buffer and NLRP7 detected
as described above.
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Fig. 1. NLRP7 contains a predicted nucleotide-binding domain (NBD), which is sufficient for dimerization. (A) CLUSTAL-W sequence alignment of the NLRP7NBD Walker
A  motif with the NBD of NLRP members with experimentally confirmed nucleotide binding and ATPase activity. The Walker A motif, containing the phosphate-binding
loop,  is outlined. (B) In vitro GST pull-down of immobilized GST-NLRP7NBD using total cell lysates (TCL) from HEK293 cells transiently transfected with myc-NLRP7NBD and
immobilized GST as a negative control. Bound NLRP7NBD was detected by immunoblot with anti-myc antibodies. Blots were stripped and re-probed with anti-GST antibodies.
5%  TCL were loaded as input. (C) HEK293 cells were transiently co-transfected with HA- and myc-tagged NLRP7NBD proteins and TCL subjected to co-immunopreciptation
(IP)  using immobilized anti-myc antibodies and bound proteins were detected by immunoblot with anti-HA antibodies. Blots were stripped and re-probed with anti-myc
antibodies. 5% TCL were loaded as input.

2.12. Statistical analysis

Graphs were prepared in Prism 5 (GraphPad) and represent the
mean ± s.e.m A standard two-tailed unpaired t-test was used for
statistical analysis of two groups and 2 way ANOVA for kinetic anal-
yses with all data points showing a normal distribution. Values of
P < 0.05 were considered significant.

3. Results

3.1. NLRP7 contains a predicted nucleotide-binding domain
(NBD) and is sufficient for dimerization

The NBD is responsible for nucleotide binding in NLRC1, NLRC2,
NLRC4, NLRP1, NLRP3 and NLRP12 (Duncan et al., 2007; Faustin
et al., 2007; Lu et al., 2005; Ye et al., 2008), or required for nuclear
import and transactivation in NLRA (CIITA) and NLRC5 (Harton
et al., 1999; Meissner et al., 2012). NLPR7 also harbors a central NBD
domain (NLRP7NBD) with considerable homology to other NLRs. The
NBD can be divided into a NACHT and NAD, but the NACHT contains
the conserved nucleotide binding motifs including the ATP-specific
phosphate binding loop (Walker A motif) (Koonin and Aravind,
2000; Albrecht et al., 2003). CLUSTALW sequence alignment of the
NLRP7NBD with the NBDs of NLRPs with experimentally demon-
strated nucleotide binding and/or hydrolysis activities, namely
NLRP3, NLRP1, and NLRP12, shows that NLRP7 contains the con-
served Walker A motif (Fig. 1A and Supplemental Fig. 1). We  have
previously shown that NLRP7 is capable of forming high-order mul-
timeric inflammasome complexes in primary human macrophages
(Khare et al., 2012), but it is unclear if specifically the NBD con-
tributes to NLRP7 self-oligomerization. To determine homomeric
NBD binding, we purified the GST-tagged NLRP7NBD from bacte-
ria and used it in GST pull-down assays. GST-NLRP7NBD, but not
GST control was able to pull-down Myc-tagged NLRP7NBD from
transiently transfected HEK293 cells (Fig. 1B). We  verified this find-
ing in cells by co-immunoprecipitation following co-expression of
Myc  and HA-tagged NLRP7NBD (Fig. 1C), indicating that the NBD is
sufficient for NLRP7 oligomerization.

Supplementary Fig. S1 related to this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.molimm.2015.06.013

3.2. The Walker A motif in the NLRP7NBD is required for
oligomerization

Due to the presence of predicted Walker motifs involved in
nucleotide binding and hydrolysis, we  hypothesized that homo-
meric NLRP7 interactions will require this activity. We  therefore
mutated the predicted Walker A motif represented by G183,
K184, and T185 in NLRP7 by site-directed mutagenesis to alanine,
thus generating the NLRP7WA mutant (Fig. 2A). To test whether
nucleotide binding is required for NLRP7NBD self-association, myc-
tagged NLRP7NBD was  co-transfected with HA-tagged NLRP7NBD

or NLRP7NBD(WA) into HEK293 cells and myc-containing NLRP7NBD

protein complexes were immunoprecipitated. In agreement with
our in vitro pull down result, we  observed that the NLRP7NBD was
able to self-associate (Fig. 2B). Although NLRP7NBD was still able
to associate with NLRP7NBD(WA), this interaction was substantially
weakened (Fig. 2B). However, self-association of myc- and HA-
tagged NLRP7NBD(WA) was almost completely prevented (Fig. 2C).
These findings suggest that NLRP7 requires an intact Walker A
motif to mediate self association through its NBD. Although the
PYD can undergo homotypic interactions, we  hypothesized that
nucleotide binding by NLRP7 would be required for high-order
complex formation. To directly test this model, we used gel fil-
tration chromatography to determine the formation of NLRP7
oligomers. Transfection of NLRP7 into HEK293 cells, which are
deficient in endogenous NLRP7, is sufficient to cause NLRP7 inflam-
masome activation (Khare et al., 2012). We  therefore transiently
transfected either NLRP7 or NLRP7WA into HEK293 cells and sub-
jected cell lysates to size fractionation, and analyzed individual
fractions by immunoblot. We found that expression of NLRP7 was
sufficient to cause high molecular weight NLRP7 complexes as large
as 670 kDa. However, NLRP7WA exhibited significantly reduced
ability to assemble into high molecular weight complexes and
was found primarily in fractions corresponding to its monomeric
form of 110 kDa (Fig. 2D). Collectively, these data demonstrate that
NLRP7 oligomerization is likely nucleotide dependent, as mutation
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Fig. 2. The Walker A motif in the NBD is required for NLRP7 oligomerization. (A) Domain architecture of NLRP7 depicting the Walker A mutation GKT to AAA. PYD: Pyrin
domain, LRR: leucine-rich repeats. (B, C) HEK293 cells were transiently co-transfected with HA- and myc-tagged NLPR7NBD and/or NLRP7NBD(WA) as indicated. Total cell lysates
(TCL)  were subjected to co-immunopreciptation (IP) using immobilized anti-HA antibodies and bound proteins were detected by immunoblot with anti-myc antibodies.
Blots  were stripped and re-probed with anti-HA antibodies. 2% TCL were loaded as input. (D) HEK293 cells were transfected with myc-tagged NLRP7 or NLRP7WA,  and
TCL  supplemented with 1 mM ATP were subjected to size exclusion chromatography (SEC). Individual fractions were TCA precipitated and analyzed by immunoblot using
anti-myc antibodies. Fraction numbers from largest to smallest are indicated on top, alongside a molecular weight standard, which was  separated under identical conditions.
2%  TCL were loaded as input.

in the Walker A motif substantially reduced its ability to form the
high molecular weight complexes characteristic of NLRP7.

3.3. The NLRP7 NBD has ATP-binding and hydrolysis activities

Since the Walker A motif was required for self-association,
we next tested whether NLRP7 is capable of nucleotide binding
through its NBD. We  expressed myc-tagged NLRP7NBD in HEK293
cells and performed an ATP-binding assay, by purifying ATP bind-
ing proteins from total cell lysates with immobilized ATP-coated
agarose beads. ATP agarose, but not control agarose pulled down
NLRP7NBD. This interaction was specific, as free ATP in the bind-
ing buffer competed for NLRP7NBD binding in a dose-dependent
manner (Fig. 3A, upper panel). Contrary to the NLRP7NBD, the
NLRP7NBD(WA) failed to bind ATP (Fig. 3A, bottom panel). These
data suggest that the NBD of NLRP7 binds ATP and that the Walker
A motif is necessary for ATP binding. Since ATP binding is a pre-
requisite for its hydrolysis, we next tested whether NLRP7NBD was
able to hydrolyze the bound ATP. We  employed an ATPase detec-
tion assay using a luminescent readout to quantify ATP hydrolysis.
We purified GST-NLRP7NBD, GST-NLRP7NBD(WA) and GST control
from bacteria (Fig. 3B) and subjected these proteins to the in vitro
ATPase assay. GST-NLRP7NBD, but not GST control revealed a dose
dependent increase in ATP hydrolysis (Fig. 3C), indicating that the
NLRP7NBD contains ATPase activity. Importantly, the NLRP7NBD(WA)

protein displayed significantly reduced ATPase activity, when com-
pared to NLRP7NBD (Fig. 3D), demonstrating that an intact Walker
A motif was required for both ATP binding and hydrolysis.

3.4. The NLRP7 Walker A motif is required for inflammasome
activation

Our results so far collectively demonstrate that NLRP7 oligomer-
izes through homomeric self-association of its NBD in an
ATP-dependent manner, suggesting that this process is involved
in NLRP7 inflammasome assembly. To directly determine the role
of ATP binding in NLRP7 inflammasome activity, we  reconstituted
the NLRP7 inflammasome in HEK293 cells, which are deficient
in this inflammasome, but can be used to transiently restore
NLRP7 activity (Khare et al., 2012). As we showed earlier, recon-
stitution of the NLRP7 inflammasome by co-transfecting the core

inflammasome components ASC, pro-caspase-1, pro-IL-1! and
NLRP7 results in the release of mature IL-1! into the culture super-
natant, as detected by ELISA, which is comparable to reconstituted
NLRP3 inflammasomes (Khare et al., 2012) (Fig. 4A). In contrast,
reconstituting the NLRP7 inflammasome with NLRP7WA failed to

Fig. 3. NLRP7 binds and hydrolyzes ATP through its NBD. (A) In vitro pull-down
of  ATP-conjugated agarose beads (Ag-ATP) and control agarose beads (Ag) using
lysates from HEK293 cells transiently transfected with either myc-tagged NLRP7NBD

or NLRP7NBD(WA), as indicated. Binding buffers were supplemented with free ATP (0,
1  and 10 mM),  as indicated to specifically compete for binding of Ag-ATP to the
NBD. (B) Recombinant GST-NLRP7NBD and NLRP7NBD(WA) proteins were expressed
and affinity purified from BL21 Escherichia coli. 1 %g protein was separated by SDS-
PAGE and detected by Coomassie stain. Triangles mark the full length proteins and
asterisks mark several degradation products of the NBD. (C) In vitro ATPase assay
showing dose-dependent in vitro ATP hydrolysis by recombinant NLRP7NBD using
GST  as a control with 0, 0.1, 0.5 and 2.5 %g protein as indicated. (D) Endpoint quantifi-
cation of NLRP7NBD and NLRP7NBD(WA) ATP hydrolysis activity. Results are presented
as  ATP to ADP conversion nM/hr (n = 3 ± SEM). *P < 0.05.
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Fig. 4. NLRP7WA is deficient in IL-1! release in a reconstituted inflammasome assay. (A, B) Inflammasomes were reconstituted by transient transfection of HEK293 cells with
the  inflammasome core components ASC, pro-Caspase-1, pro-IL-1! and either NLRP7, NLRP7WA, NLRP3 or empty vector control, as indicated. Secreted IL-1! was  determined
from  conditioned culture supernatants by ELISA 36 h post transfection. (B) Cells were transfected as in (A), followed by a second transfection after 24 h with transfection
reagent  alone (untreated) or FSL-1 (0.5 %g). IL-1! was determined by ELISA 12 h after the second transfection. Results are presented as fold increase compared to cells
transfected with ASC, pro-Caspase-1, pro-IL-1!, and empty vector control (EV control) (n = 3 ± SEM). *P < 0.05. (C) Immunoblot demonstrating expression of myc-NLRP3 and
NLRP7  in the reconstitution assay. (D) Immunoblot of cell lysates from the inflammasome reconstitution assay analyzed for pro-caspase-1, cleaved caspase-1 p10, active
caspase-1 p20 and NLRP7.

promote IL-1! release (Fig. 4A). Transfection of low amounts of
NLRP7 allows the subsequent inflammasome activation with FSL-1,
a microbial acLP agonist for NLRP7 (Khare et al., 2012). While recon-
stituted NLRP7 inflammasomes responded to FSL-1 with increased
IL-1! release, inflammasomes reconstituted with NLRP7WA were
unable to respond to FSL-1 (Fig. 4B). Total cell lysates were analyzed
for equal expression of NLRP3, NLRP7 and NLRP7WA by immunoblot
(Fig. 4C). Sine caspase-1 is required for inflammasome-mediated
cytokine release, we also directly determined caspase-1 activation
in this inflammasome reconstitution assay by immunoblot. Con-
sistent with the reduced IL-1! release of NLRP7WA reconstituted
inflammasomes, also caspase-1 activation, which was determined
by the conversion of pro-caspase-1 p45 into caspase-1 p10, which
is a consequence of caspase-1 activation, was strongly reduced
in NLRP7WA reconstituted inflammasomes compared to NLRP7
reconstituted inflammasomes (Fig. 4D). We  further validated this
finding by re-probing the immunoblot with an antibody specific
for active caspase-1 p20, which confirmed that NLRP7WA reconsti-
tuted inflammasomes are defect in activating caspase-1 (Fig. 4D).
Collectively, these experiments indicate that the Walker A motif is
essential for NLRP7 inflammasome activity, which further suggests
a functional role for ATP binding and hydrolysis in NLRP7 signaling.

3.5. Monocytes expressing Walker A deficient NLRP7 are impaired
in acylated lipopeptide-induced inflammasome activation

To directly demonstrate that ATP binding and hydrolysis is
required for NLRP7 inflammasome activation we utilized the
human THP-1 cell line, which is routinely used for inflamma-
some studies. We  generated stable THP-1 cells expressing either
myc-tagged NLRP7 or NLRP7WA or a vector control (Fig. 5A).
We then treated these THP-1 cells with agonists that activate
NLRP7, including FSL-1, Pam3CSK4 or heat killed mycoplasma
Acholeplasma laidlawii (HKAL) (Khare et al., 2012) and determined
secretion of IL-1! as a readout for inflammasome activation. THP-
1NLRP7 cells secreted elevated levels of IL-1! in response to NLRP7
agonists, when compared to THP-1Ctrl cells, as expected due to
the increased expression of NLRP7 (Fig. 5B). In contrast, THP-
1NLRP7(WA) cells secreted significantly diminished IL-1! into culture
supernatants (Fig. 5B), indicating that a NBD with intact Walker
A motif is required for NLRP7 inflammasome activation, which
validates our findings from the inflammasome reconstitution sys-
tem. The fact that THP-1NLRP7(WA) cells secreted less IL-1! than
THP-1Ctrl cells in response to HKAL suggests that under these

conditions NLRP7WA may  even generate a dominant negative phe-
notype. To directly determine caspase-1 activation, we  infected
THP-1Ctrl, THP-1NLRP7 and THP-1NLRP7(WA) cells with S. aureus for
0, 15 and 60 min  and immunoprobed total cell lysates and con-
ditioned culture supernatants for pro-caspase-1. Pro-caspase-1
expression was  comparable in all three cell lines, and S. aureus
infection resulted in the appearance of active caspase-1 in total
cell lysates and in culture supernatants of THP-1Ctrl cells by 60 min
(Fig. 5C). However, THP-1NLRP7 cells displayed increased caspase-1
activity, since active caspase-1 was already detected after 15 min
in total cell lysates and by 60 min  most of the active caspase-1
accumulated in culture supernatants (Fig. 5C). In contrast, active
caspase-1 was not detectable in total cell lysates in THP-1NLRP7(WA)

cells and was consequently also reduced in culture supernatants
(Fig. 5C). Caspase-1 activation also causes pyroptosis, a lytic form
of cell death, which consequently causes membrane permeability
for DAMPs and other large molecules. Therefore Propidium iodide
(PI) (670 Da), which is usually unable to pass through membranes,
can be taken up by cells undergoing pyroptosis and emits fluo-
rescence light upon intercalation into double stranded DNA (Fink
and Cookson, 2006). Hence to quantify pyroptosis we  monitored
uptake and DNA binding of PI by kinetic fluorescence assay. While
THP-1NLRP7 cells displayed PI DNA binding after 15 min  of S. aureus
infection, consistent with the detection of active caspase-1 (Fig. 5D),
THP-1NLRP7(WA) cells showed significantly reduced PI uptake and
DNA binding (Fig. 5D), in agreement with strongly reduced active
caspase-1. Since caspase-1 activation is a direct consequence of
NLRP7 activation in response to acLPs and S. aureus infection,
our results indicate that intact nucleotide binding is required for
inflammasome activation.

4. Discussion

Caspase-1 is activated by induced proximity, which occurs
within inflammasomes and requires oligomeric inflammasome
complexes. ASC polymerization promotes the required caspase-1
density and prion-like self propagating ASC polymerization itself
is nucleated by upstream PRRs, as demonstrated for NLRP3 and
AIM2 (Cai et al., 2014; Lu et al., 2014; Man  et al., 2014; Franklin
et al., 2014). ASC nucleation is vastly enhanced by oligomerized
PRRs, thus supporting the necessity for PRR self interaction (Lu
et al., 2014). We  previously identified the role of NLRP7 as an
inflammasome-activating PRR in human macrophages (Khare et al.,
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Fig. 5. THP-1 cells expressing NLRP7WA are defect in acylated lipopeptide- and S. aureus-induced inflammasome activation. (A) Anti-myc immunoprecipitates from cell lysates
of  stable THP-1 cells expressing myc  control (CTL), myc-NLRP7 or myc-NLRP7WA were analyzed by immunoblot using anti-myc antibodies to confirm comparable expression
levels.  (B) Stable THP-1 cells were either left untreated, treated with FSL-1 (100 ng/ml), Pam3CSK4 (100 ng/ml) or HKAL (1 × 105 CFU) for 4 h and culture supernatants were
analyzed for secreted IL-1! by ELISA (n = 3 ± s.e.m.). *P < 0.05. (C) Stable THP-1 cells were infected with S. aureus for 0, 15 or 60 min, and TCA precipitated conditioned culture
supernatants (SN) and total cell lysates (TCL) were analyzed by immunoblot for pro-Caspase-1 or active Caspase-1 p35 in TCL and p20 in SN. (D) Stable THP-1 cells were
infected with S. aureus in white 96-well plates and propidium iodide (PI) uptake was quantified by kinetic fluorescence assay upon DNA binding (n = 3 ± s.e.m.). *P < 0.05.

2012). NLRP7 inflammasome activation occurs in response to S.
aureus and L. monocytogenes infection by sensing acLP PAMPs.
In response to bacterial infection, NLRP7 inflammasome activ-
ity coincided with its ability to assemble high molecular weight
complexes containing also the inflammasome adaptor ASC and
caspase-1. However, the molecular mechanism responsible for
NLRP7 inflammasome assembly has not yet been elucidated.
Here we demonstrate that NLRP7 binds and hydrolyzes ATP
through its predicted NBD and that this activity is necessary for
NLRP7 oligomerization and inflammasome activation, reminis-
cent of NLRP3 (Duncan et al., 2007). During the preparation of
our manuscript, El-Maarri and colleagues demonstrated that the
NLRP7NAD is required for NLPR7 dimerization (Singer et al., 2014).
We extend this finding to demonstrate that ATP binding and hydrol-
ysis is essential for oligomerization and inflammasome activation
in response to acLPs and S. aureus,  thus demonstrating a functional
consequence of ATP binding.

The current model of NLR activation was largely deducted from
our understanding of the STAND family ATPase APAF-1 and its
nucleotide-dependent activation model in apoptosome formation,
but has recently also been demonstrated for NLRC4, based on its
crystal structure (Hu et al., 2013). Based on our results, NLRP7 joins
several other NLRPs with experimentally demonstrated nucleotide
binding and hydrolysis activities, including NLRP1, NLRP3 and
NLRP12, which all commonly form large protein platforms for sig-
nal transduction (Faustin et al., 2007; Ye et al., 2008; Duncan et al.,
2007). While the NLRP7NBD(WA), which we show to be deficient in
ATP binding and hydrolysis, showed reduced self-association with
NLRP7NBD, the NLRP7NBD(WA) completely failed to self interact with
itself.

There is significant interest in leveraging inflammasome-
assembling NLRs as molecular targets for therapeutics, as several
have been linked to inflammatory disease. Although current treat-
ments for inflammasome-linked diseases (i.e., Cyropyrinopathies)
target upstream or downstream effectors such as secondary mes-
sengers, cytokines and cytokine receptors, the NLR may  serve as
a potential target upstream of caspase-1 activation. In fact several

anti-inflammatory compounds target NLRP3, including its ATPase
activity (Juliana et al., 2010; Gong et al., 2010; Lamkanfi et al., 2009).
Consequently, the NBD, in particular the Walker A motif, has been
proposed as a target for the structure guided design of specific
ATPase inhibitors to allow selective targeting of individual NLRs,
including NLRP7 (MacDonald et al., 2013).

Hereditary mutations in NLRP7 are associated with recurrent
hydatidiform moles (HM), which increase risk for molar preg-
nancy and choriocarcinoma in women  (Messaed et al., 2011a,b;
Murdoch et al., 2006; Nguyen and Slim, 2014). However, the
relationship between NLRP7 inflammasome function and the
development of HM is currently not understood, however altered
cytokine secretion has been proposed (Messaed et al., 2011a,b). We
previously reported that several HM-linked mutations yield gain-
of-function phenotypes in a reconstituted inflammasome system
(Khare et al., 2012). In agreement, a recent study indicated that
certain HM-linked mutations within the NACHT increase NLRP7
oligomerization by destabilizing the closed NACHT conformation
(Singer et al., 2014). However, HM-linked mutations have not been
identified within the Walker A motif (Touitou et al., 2004), which
according to our results would yield in a loss-of-function pheno-
type. Since we  show that an intact Walker A motif is required for
oligomerization, ATP binding and hydrolysis by NLRP7 may  con-
tribute to HM,  and therapies targeting this process may  potentially
be effective in HM patients. Therefore our study identifying ATP
binding and hydrolysis as an essential step for NLRP7 inflamma-
some activation not only establishes the basis for such a strategy,
but also provides novel insights into the mechanism of NLRP7
inflammasome activation.
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