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Molecular basis for specific recognition of bacterial ligands by
NAIP/NLRC4 inflammasomes

Jeannette L. Tenthoreyl, Eric M. Kofoed14, Matthew D. Daugherty2, Harmit S. Malik?:3, and
Russell E. Vancel3”

1Department of Molecular & Cell Biology, Division of Immunology and Pathogenesis, and Cancer
Research Lab, University of California, Berkeley, CA 94720, USA

2Basic Sciences Division, Fred Hutchinson Cancer Research Center, Seattle, WA 98109, USA

SHoward Hughes Medical Institute

SUMMARY

NLR (nucleotide-binding domain [NBD]- and leucine-rich repeat [LRR]-containing) proteins
mediate innate immune sensing of pathogens in mammals and plants. How NLRs detect their
cognate stimuli remains poorly understood. Here, we analyzed ligand recognition by NAIP (NLR
Apoptosis Inhibitory Protein) inflammasomes. Mice express multiple highly related NAIP
paralogs that recognize distinct bacterial proteins. We analyzed a panel of 43 chimeric NAIPs,
allowing us to map the NAIP domain responsible for specific ligand detection. Surprisingly,
ligand specificity was mediated not by the LRR domain, but by an internal region encompassing
several NBD-associated a-helical domains. Interestingly, we find that the ligand specificity
domain has evolved under positive selection in both rodents and primates. We further show that
ligand binding is required for the subsequent co-oligomerization of NAIPs with the downstream
signaling adaptor NLRC4 (NLR family, CARD-containing 4). These data provide a molecular
basis for how NLRs detect ligands and assemble into inflammasomes.

INTRODUCTION

Many nucleotide-binding domain (NBD)- and leucine-rich repeat (LRR)-containing proteins
(NLRs) function as innate immune sensors that monitor the cytosol for the presence of
microbial products and other infection-associated stimuli (Jones and Dangl, 2006; Schroder
and Tschopp, 2010; Takeuchi and Akira, 2010; von Moltke et al., 2013). Once activated,
some NLRs assemble into high molecular weight complexes termed inflammasomes
(Martinon et al., 2002; Schroder and Tschopp, 2010) that recruit and activate pro-
inflammatory proteases such as CASPASE-1 (CASP1). CASP1 cleaves the pro-
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inflammatory cytokines IL-1p and IL-18 into their signaling-competent forms. CASP1 also
initiates pyroptosis (Bergsbaken et al., 2009), a rapid, lytic form of cell death that releases
pro-inflammatory molecules to trigger rapid and potent immune responses (von Moltke et
al., 2012; Yang et al., 2013a).

The NBD-LRR architecture is found in pathogen-sensing proteins in both mammals and
plants (Bonardi et al., 2012; Chisholm et al., 2006), but remarkably little is known about
how NLRs detect infectious stimuli and initiate signaling. The NBD of NLRs is classified as
an AAA+ ATPase (Leipe et al., 2004), a domain found in diverse proteins known to form
homo- and hetero-oligomeric complexes (Danot et al., 2009). The NBD is presumed to
mediate assembly of NLR protomers into the active oligomerized inflammasome, analogous
to the function of the NBD in assembly of the apoptosome (Qi et al., 2010).

The other domain that defines membership in the NLR superfamily, the LRR domain, is
believed to have two distinct roles. The first is to function as an autoinhibitory domain, as
truncation of this domain generally results in constitutive NLR activation (Chavarria-Smith
and Vance, 2013; Kofoed and Vance, 2011; Poyet et al., 2001; Tanabe et al., 2004). The
autoinhibitory function of the LRR domain is supported by the recently determined crystal
structure of the monomeric/inactive form of NLRC4, in which the LRR domain curves back
to occlude the NBD in cis (Hu et al., 2013). In addition to its role in autoinhibition, the LRR
domain has also been proposed to act as a ‘sensor’ that directly or indirectly detects ligands
(Danot et al., 2009). The ligand-binding function of the LRR domain is supported primarily
by analogy to the well-established ligand-binding function of the LRRs in pathogen-sensing
Toll-like receptors (TLRs) (Song and Lee, 2012). Association of ligands with the LRR is
believed to disrupt autoinhibitory cis interactions between the LRR and the NBD, resulting
in NBD-mediated oligomerization and inflammasome assembly (Danot et al., 2009; Faustin
etal., 2007; Hu et al., 2013). However, direct evidence for ligand association with the LRR
domain, or indeed any other domain, of mammalian NLRs is lacking.

In order to address the fundamental issue of how NLRs detect their specific ligands, we
analyzed the ligand specificity of NAIP/NLRC4 inflammasomes. Mice express multiple
NAIP paralogs, each of which recognizes a distinct bacterial ligand. Both NAIP5 and
NAIPG6 detect bacterial flagellin, whereas NAIP2 detects inner rod proteins of type 111
secretion systems (Kofoed and Vance, 2011; Zhao et al., 2011). Mouse NAIP1 and human
NAIP respond to needle proteins of type Il secretion systems (Rayamajhi et al., 2013; Yang
etal., 2013b; Zhao et al., 2011). Upon recognition of their ligands, NAIPs assemble with
NLRC4 into an oligomerized inflammasome that contains both NLRs and the ligand
(Kofoed and Vance, 2011). The assembled inflammasome can then directly recruit and
activate CASP1 via the NLRC4 CARD domain (von Moltke et al., 2013).

At present, the molecular basis for ligand recognition by the NAIP/NLRC4 inflammasome,
or indeed by any mammalian NLR, remains unclear. It has not yet been possible to map the
ligand recognition domain of mammalian NLRs by mutagenesis because mutations that
disrupt NLR function may not specifically affect ligand binding but may instead disrupt the
overall NLR fold or oligomerization competence (Tanabe et al., 2004). We circumvented
this difficulty by taking advantage of the fact that, although they recognize distinct bacterial
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ligands, the mouse NAIP paralogs share a high degree of amino acid identity and the same
basic architecture (Figure 1A). Reasoning that chimeric NAIP proteins might retain their
overall fold and function, we generated and analyzed a panel of 43 NAIP chimeras to
identify the ligand recognition domain. To our surprise, we found that ligand specificity of
NAIPs does not require the LRR domain, but instead depends on several largely alpha
helical domains associated with the NBD. Furthermore, we observed an evolutionary
signature of positive (diversifying) selection that maps to the ligand specificity domain,
consistent with the direct association of these domains with rapidly evolving bacterial
ligands (Daugherty and Malik, 2012; Mitchell et al., 2012). We further demonstrate that
ligand binding is required for NAIPs to co-assemble with NLRC4. These results suggest a
new model for innate immune sensing by the NLR superfamily, and provide evidence for an
ongoing molecular arms race between NAIPs and the pathogens they sense.

In order to map the region(s) of NAIPs required for specific recognition of ligands, we
generated chimeras between murine NAIP paralogs that respond to distinct ligands. We
swapped homologous sequences between NAIP2 and either NAIP5 or NAIP6 at seven
breakpoints (a—g) along the length of the protein (Figure 1A). These breakpoints were
chosen because they are located within stretches of high sequence identity among the NAIP
paralogs. We then assayed the ability of chimeric NAIPs to induce NLRC4 inflammasome
assembly in response to Legionella pneumophila flagellin (FlaA) or Salmonella
typhimurium type I11 secretion system inner rod protein (PrgJ). Assembly of the high
molecular weight (~1MDa) inflammasome was monitored by native gel electrophoresis
using an established reconstituted inflammasome assay (Kofoed and Vance, 2011). Because
this is the most sensitive assay for NAIP function thus far described, we reasoned it might
allow us to detect NAIP regions that only weakly contribute to ligand recognition.

As previously observed (Kofoed and Vance, 2011), transient transfection of HEK293T cells
with NLRC4 and NAIP2 yields an oligomerized inflammasome only in response to PrgJ,
while NAIP5 and NAIP6 induce NLRC4 oligomerization only in response to FlaA (Figure 1
and S1). Thus, the parental NAIPs exhibit a high degree of selectivity for their ligands.

BIRs, NBD and LRR of NAIPs do not affect ligand specificity

We first analyzed a series of chimeras in which the N-terminal domains of NAIP5 or NAIP6
were fused to the C-terminal domains of NAIP2 (termed NAIP5.2 or NAIP6.2 chimeras;
Figure 1B-E, S1). The NAIP5.2(a) chimera, containing the NAIP5 BIR (baculovirus
inhibitor of apoptosis repeat) domains, still oligomerized normally in response to the NAIP2
ligand PrgJ (Figure 1B, C). The NAIP5.2(c) chimera, containing the BIRs, NBD, HD1
(helical domain 1), and part of the WHD (winged helix domain) of NAIP5, exhibited a
slightly diminished response to PrgJ. The reduced response to PrgJ was more pronounced in
the corresponding NAIP6.2(c) chimera (Figure S1), suggesting that a portion of the PrgJ-
detecting element had been replaced in these chimeras. The NAIP5.2(d) and NAIP5.2(e)
chimeras, with breakpoints in HD2 (helical domain 2), did not respond to either ligand
(Figure 1B, C). Importantly, however, the NAIP5.2(f) and NAIP5.2(g) chimeras, which
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contained the NAIP5 N-terminal domains but the LRR domain of NAIP2, assembled
inflammasomes only in response to the NAIP5 ligand FlaA. Both chimeras were also able to
activate CASP-1 to initiate cleavage of IL-1p (Figure 1E). In addition, the corresponding
NAIP6.2(f) and NAIP6.2(g) chimeras recognized FlaA as well as wild-type NAIP6 (Figure
S1), despite containing the LRR domain from NAIP2. These results demonstrate that the
LRR domains of NAIP5 and NAIPG6 are dispensable for the specific response to FlaA, while
the BIR domains of NAIP2 are dispensable for detection of PrgJ.

We next generated a set of reciprocal NAIP2.5 chimeras, in which the N-terminal domains
of NAIP2 were fused to the C-terminal domains of NAIP5 (Figure 2). Replacement of the
NAIP5 BIRs and NBD with those of NAIP2 (NAIP2.5(b)) did not alter the extent or
specificity of oligomerization in response to FlaA, indicating that these domains were
dispensable for detection of FlaA. However, the NAIP2.5(c) chimera, which additionally
contains HD1 and the N-terminal half of the WHD from NAIP2, responded only weakly to
FlaA, and notably, also responded weakly to PrgJ. This result suggests a contribution of
HD1 and the WHD to ligand recognition. The partial response to each ligand could not be
explained by decreased expression of NAIP2.5(c) (Figure 2C). Whereas NAIP2.5(d) did not
respond to either ligand, the NAIP2.5(e) chimera detected PrgJ at least as well as wild-type
NAIP2 (Figure 2B, C) and was capable of inducing IL-1p cleavage specifically in response
to PrgJ (Figure 2D). These data indicate that NAIP2 domains C-terminal to HD2 are not
required for the response of NAIP2 to PrgJ. The analogous set of NAIP2.6 chimeras
confirmed that the LRR domain does not dictate the ligand specificity of NAIP2 (Figure S2).

Central NBD-associated domains dictate ligand specificity

The above results suggested that the central NBD-associated helical domains of NAIPs
dictate ligand specificity. To confirm this, we analyzed ‘double’ chimeric NAIPs in which
only the central domains were exchanged between paralogs. NAIP5.2.5(c—f) or
NAIP6.2.6(c—f) chimeras, containing the C-terminal half of the WHD, HD2, and most of the
subsequent unannotated domain from NAIP2, responded weakly or not at all to PrgJ
(Figures 3, S3). However, additional inclusion of the HD1 and full WHD from NAIP2
allowed the NAIP5.2.5(b—f) chimera to oligomerize in response to PrgJ as well as wild-type
NAIP2 (Figure 3). The same domains of NAIP2 within a NAIP6 context also conferred a
specific, albeit reduced, response to PrgJ (Figure S3, NAIP6.2.6(b—f)). These results
demonstrate that HD1, WHD, HD2 and part of the unannotated domain of NAIP2 dictate
specific recognition of PrgJ.

We next tested whether the same domains also control the specificity of NAIP6 for FlaA
(Figure 4). Analogous to NAIP2, the C-terminal half of the WHD, HD2 and unannotated
domain of NAIP6 (as in chimeras NAIP2.6.2(c—f) and NAIP2.6.2(c—g)) were not sufficient
to confer a robust response to FlaA. Surprisingly, these chimeras still responded partially to
PrgJ, further emphasizing the importance of HD1 and the N-terminal half of the WHD from
NAIP2 for PrgJ recognition. Extension of the NAIP6 region to include HD1 and the full
WHD abrogated the response to PrgJ and conferred substantial response to FlaA (i.e.,
NAIP2.6.2(b—f) and NAIP2.6.2(b—g)). However, these chimeras supported only partial
oligomerization in response to FlaA (Figure 4B) and exhibited background IL-1p processing
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even in the absence of ligand (Figure 4D). Furthermore, although NAIP5 chimeras with a
single breakpoint were functional (Figure 1 and 2), we were unable to generate ‘double’
chimeras containing the NAIP5 central domains that were capable of responding to FlaA
(Figure S4).

The ligand specificity and degree of response for the 43 chimeras tested are summarized in
Figure S7. Collectively, our results demonstrate that the NBD-associated HD1, WHD, HD2,
and unannotated domain of NAIPs are both necessary and sufficient to dictate ligand
specificity. In contrast to our expectations and those of others in the field (e.g., (Danot et al.,
2009)), our extensive analysis revealed no role for the annotated LRR domain in specific
ligand recognition.

The NAIP ligand specificity domain has evolved under positive selection

We hypothesized that the NAIP ligand specificity domain might be subject to diversifying
evolutionary selection, driven by the need to recognize relatively rapidly evolving bacterial
ligands. We found evidence for extensive recombination between rodent Naip paralogs, with
several recombination breakpoints occurring within the ligand specificity domain. While it
is difficult to assess whether these recombinants have been adaptively selected for,
recombinants that yield chimeric specificity domains could be a rapid means to evolve novel
NAIP specificities. Indeed, recombination has contributed to differing specificities of at least
one allelic series of plant NLRs (Ellis et al., 1999). Nonetheless, the rampant recombination
precludes codon-based analyses of positive selection. Instead, we performed a pairwise
sliding window analysis comparing the rate of synonymous changes (dS) to the rate of
nonsynonymous changes (dN) between the mouse and rat Naip2 genes to investigate
whether the ligand specificity domain displays a signature of positive selection. This sliding-
window approach is less susceptible to artifacts arising due to recombination. We found that
much of Naip2 is evolving with a dN/dS ratio of less than 1, indicative of purifying selection
(Figure 5A). Strikingly, however, we found two peaks in which the dN/dS ratio was much
greater than 1. Both of these peaks lie in the domains functionally implicated in ligand
recognition, although the second peak falls within the unannotated domain that has no
apparent role in PrgJ recognition by mouse NAIP2. The unannotated domain does appear to
play a role in flagellin recognition by mouse NAIP5, and may also be important for
recognition of ligand by rat NAIP2, thereby providing a possible explanation for the peak of
elevated dN/dS ratio in this region. Overall, these data are consistent with the ligand
specificity domain evolving under positive selection.

We next extended our evolutionary analysis to primate NAIP genes. Primate genomes
encode only one intact NAIP ortholog, and unlike in rodents, we found no evidence for
recombination. We therefore analyzed these genes by maximum likelihood methods for
evidence of recurrent positive selection (Figure 5B). We found a statistically significant
signature (p < 0.01) of positive selection, consistent with NAIP evolving adaptively in
primates. Moreover, when we analyzed the ligand specificity domain alone, we found strong
evidence for positive selection, as well as three individual codons that have evolved under
recurrent positive selection. Importantly, removal of the specificity domain from our
analysis of primate NAIP genes resulted in a loss of the signature of positive selection.
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Taken together, these data suggest that NAIP genes in both primate and rodent genomes
have evolved under positive selection, specifically in the region of the protein that confers
ligand specificity.

Localized positive selection is consistent with direct association of these domains with
rapidly evolving bacterial ligands. Indeed, co-immunoprecipitation of chimeric NAIPs with
either FlaA or PrgJ required the full ligand specificity domain from either NAIP6 or NAIP2,
respectively (Figure S5). In contrast, the C-terminal LRR domain and N-terminal BIRs and
NBD of NAIP6 were dispensable for association with FlaA, and the NAIP2 LRR domain
was dispensable for binding PrgJ. Thus, the ligand specificity domain also dictates the
physical association of NAIPs with their cognate ligands.

Ligand binding is strictly required for NAIP oligomerization

Because our analyses mapped NAIP ligand recognition to NBD-associated domains, we
investigated the effects of ligand binding on NAIP oligomerization. Consistent with a recent
study (Halff et al., 2012), we found that NAIPs are monomeric in the absence of ligand, as
evidenced by the inability of FLAG-tagged NAIPS5 to co-immunoprecipitate HA-tagged
NAIP5 when co-transfected into HEK293T cells (Figure 6A, lane 2). In the absence of
NLRC4, FLAG-NAIP5 bound FlaA as previously reported (Zhao et al., 2011) but remained
unable to associate with HA-NAIP5 (Figure 6A, lane 4). However, binding FlaA did permit
FLAG-NAIPS to associate with co-expressed NLRC4, and within this assembled
inflammasome, FLAG-NAIP5 was able to co-immunoprecipitate HA-NAIP5 (Figure 6A,
lane 8). This association was not detected upon mixing pre-assembled FLAG-NAIP5 and
HA-NAIPS inflammasomes (Figure 6A, lane 10), suggesting that HA-NAIP5 and FLAG-
NAIP5 co-immunoprecipitated within a single assembled inflammasome rather than through
non-specific inter-oligomer association.

The above results imply that more than one NAIP protomer can be incorporated into a single
inflammasome oligomer. To confirm this, we assessed the stoichiometry of NAIP and
NLRC4 constituents within assembled inflammasomes. We labeled both NLRs with the
same FLAG epitope, immunoprecipitated the complex via the 6myc-tagged ligand, and
determined the ratio of NLRs by densitometry of an anti-FLAG immunoblot. We analyzed
the stoichiometry of the NAIP2/NLRCA4/PrgJ inflammasome because under our
experimental conditions 6myc-PrgJ did not associate with either unassembled NAIP2 or
NLRC4 (Figure S6A). Therefore, the observed ratio of 5 NLRC4 to 2 NAIP2 (Figure S6B,
ratio = 2.5) reflects the average composition of assembled inflammasomes free of PrgJ-
associated unassembled components. Inflammasome stoichiometry was insensitive to the
relative expression levels of each NLR (Figure S6C). However, it remains possible that
assembled inflammasomes are heterogeneous in composition, and thus the stoichiometry of
individual oligomers could vary considerably from the observed 5:2 average.

We took advantage of the fact that inflammasomes can contain multiple NAIP protomers to
determine under what conditions NAIP2 and NAIP5 could co-oligomerize. We found that a
FLAG-NAIP5/NLRC4/FlaA inflammasome did not associate with co-expressed HA-NAIP2
in the absence of PrgJ, nor did FLAG-NAIPS5 pull down an HA-NAIP2/NLRC4/PrgJ
inflammasome in the absence of FlaA (Figure 6A, lanes 11-14). However, HA-NAIP2 was
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incorporated into a FLAG-NAIPS inflammasome, at roughly the same efficiency as HA-
NAIP5, when the NAIP2 cognate ligand PrgJ was present in addition to the NAIP5 ligand
FlaA (Figure 6A, lane 16). Again, this association was not detected upon mixing pre-
assembled FLAG-NAIP5 and HA-NAIP2 inflammasomes (Figure 6A, lane 18), suggesting
that it was not due to non-specific inter-oligomer association. These data indicate that ligand
binding is strictly required for assembly of NAIPs into inflammasomes. We confirmed this
finding using the oligomerization assay to monitor inflammasome assembly (Figure 6C).
Again, FLAG-NAIP2 and FLAG-NAIP6 were detectable in the oligomer only when
provided with their cognate ligands, i.e., PrgJ and FlaA, respectively.

The model that ligand binding is required for assembly of each NAIP protomer into
inflammasomes predicts a 1:1 ligand:NAIP stoichiometry. We therefore analyzed the ratio
of GFP-NAIP and GFP-ligand in inflammasomes immunoprecipitated by FLAG-NLRC4,
which does not associate with either NAIP or ligand individually (Figure S6E). Within
assembled inflammasomes, both NAIPS5 and NAIP2 were present at a 1:1 stoichiometry with
their respective ligands (Figure S6F). These results are consistent with the model that
cognate ligand is required for NAIP incorporation into NLRC4-containing inflammasomes.

DISCUSSION

Despite their shared domain architecture, members of the NLR family respond to a
surprisingly diverse set of ligands and agonists (Schroder and Tschopp, 2010; Takeuchi and
Akira, 2010; von Moltke et al., 2013). To gain insight into how the NBD-LRR platform can
evolve such divergent specificities, we investigated the mechanism of ligand recognition by
NAIP/NLRC4 inflammasomes. We took advantage of the existence of several highly related
murine NAIPs with distinct ligand specificities. We mapped the NAIP specificity domain
using a panel of 43 chimeric NAIPs, of which, remarkably, 31 (72%) retained at least some
function.

The LRR domain has been identified as the specificity determinant in several plant NLR
immune sensors (Dodds et al., 2001; Ellis et al., 1999; Jia et al., 2000; Krasileva et al.,
2010). Mammalian NLR specificity domains have not previously been conclusively
mapped, although some evidence implicates the LRR in NOD2 and NLRP3 (Girardin et al.,
2005; lyer et al., 2013). However, our analysis of NAIP chimeras indicated that the
annotated NAIP LRR domain was dispensable for ligand specificity. The SwissModel
repository (Kiefer et al., 2009) predicts that the LRR domain may extend N-terminally to
NAIP2 residue 1069, but even this extended region had no effect on specificity (Figure 1,
NAIP5.2(f); Figure 2, NAIP2.5(f)). It is possible that the unannotated region between HD2
and breakpoint “f” might adopt an LRR-like tertiary structure, although structural modeling
predicts near-total alpha helicity (Figure 7B). However, recognition of PrgJ by NAIP2 does
not require any domains C-terminal to HD2 (Figure 2), ruling out a role for LRRs in PrgJ
detection. Although we did not uncover a role for the NAIP LRR domain in dictating ligand
specificity, our data do not undermine the previously established role of the LRR domain in
NAIP autoinhibition (Kofoed and Vance, 2011). Thus, taken together, our data demonstrate
that ligand recognition and autoinhibition are mediated by separable domains.
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Our data indicate that the LRR domains of NLRs are not necessarily pathogen-detection
domains. Consistent with this possibility, the NLR family member NLRP1B can be
activated upon direct cleavage by Bacillus anthracis lethal factor protease (Chavarria-Smith
and Vance, 2013; Levinsohn et al., 2012). Importantly, cleavage of NLRP1B is sufficient for
its activation, even by a heterologous protease, arguing against a requirement for specific
recognition of lethal factor by the NLRP1B LRR domain (Chavarria-Smith and Vance,
2013). Instead, the NLRP1B LRR is essential only for mediating NLR autoinhibition,
analogous to the LRR of NAIPs. The mechanism of recognition by other NLRs remains
undetermined and may involve the LRR domain. However, we propose that the total surface
area of NLRs available for evolvable ligand recognition includes the NBD-associated
domains in addition to the LRR. Recombination or mutation anywhere within this expanded
region could result in novel ligand specificities. Indeed, our data suggest that the ligand
specificity domain of NAIPS5 is shifted C-terminally relative to the corresponding ligand
specificity domain of NAIP2 (compare Figure 1, NAIP5.2(f) and Figure 2, NAIP2.5(e)). The
existence of a large and evolvable ligand specificity domain may be critical for NAIP
proteins to keep pace with rapidly evolving bacterial ligands.

Based on both functional and evolutionary analysis, we define the central NBD-associated
domains as the NAIP ligand specificity domain (Figure 7A). However, these domains from
NAIPS5 were unable to mediate a response to FlaA (Figure S4), despite ‘single’ chimera
analysis mapping NAIPS5 recognition of FlaA to this region (Figures 1, 2, S7). The most
likely explanation for the failure of NAIP2.5.2 chimeras to respond to FlaA is that
chimerism at these breakpoints disturbed the tertiary structure enough to disrupt function
without dramatically reducing expression levels (Figure S4B). The partial oligomerization
and background IL-1p processing of NAIP2.6.2 chimeras (Figure 4) support this
interpretation. The ligand recognition domains are thus unlikely to be entirely modular, but
instead require placement within a compatible structural framework. Indeed, homology
modeling of NAIP2 (Figure 7B) suggests that these largely alpha helical domains adopt a
compact, closed structure with substantial inter-domain contacts. Chimerism at breakpoints
that interfere with critical inter-domain contacts could therefore disrupt NAIP structure and
function. This may explain why NAIP5.2.5(c—f) responds partially to PrgJ, whereas
NAIP5.2.5(c—g), containing a larger NAIP2 fragment, does not (Figure 3).

The simplest interpretation of our data is that the ‘specificity’ domain we identify is also the
site of ligand binding. This domain is both necessary and sufficient to dictate ligand
specificity and confers the ability for chimeric NAIPs to physically associate with ligand
(Figure S5). Moreover, we find evidence for positive selection acting on this domain but not
on the rest of the protein (Figure 5). This signature of positive selection is consistent with
direct contact between this domain and rapidly evolving pathogen ligands, as has been
observed in other host-pathogen interactions (Daugherty and Malik, 2012; Mitchell et al.,
2012) and even some plant NLRs (McDowell et al., 1998).

We therefore propose a model in which NAIP activation is triggered by ligand binding to the
NBD-associated helical domains (Figure 7C). Intriguingly, the NBD-associated HD2 of
NLRC4 was recently shown to participate in autoinhibition (Hu et al., 2013). If the HD2 of
NAIPs plays a similar role, then ligand binding at HD2 could sterically preclude
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autoinhibition. Alternatively, ligand binding may allosterically activate NAIPs through rigid
body rotation of the autoinhibitory LRR domain away from the NBD, reminiscent of the
mechanism by which cytochrome C activates APAF-1 to trigger apoptosome assembly
(Reubold et al., 2011). Finally, we cannot rule out the possibility that the LRR contributes to
ligand binding, even though the LRR domain does not define PrgJ vs. FlaA specificity. For
example, the LRR might recognize structural features common to both ligands.

Our data indicate that NAIPs only assemble into inflammasomes in the presence of their
cognate ligands (Figure 6). Future structural studies will be required to determine how
ligand-bound NAIPs are licensed to co-oligomerize with NLRC4 but remain unable to self-
associate (Figure 6A). The lack of NAIP self-association is particularly interesting in light of
our observation that an inflammasome can contain more than one NAIP protomer (Figure
S6). One possible model is that in an inflammasome containing multiple NAIP protomers,
the NAIP protomers do not occupy adjacent positions within the oligomeric structure. We
observed an average ratio of 2.5 NLRC4 protomers per NAIP within assembled
inflammasomes. This may reflect an inflammasome composition of 5 NLRC4 and 2 NAIP
protomers, consistent with the observed ~1 MDa molecular weight (Kofoed and Vance,
2011) and the tendency of AAA+ proteins to form oligomers of 5-7 protomers (Danot et al.,
2009). However, these data could also be consistent with oligomers of 8 NLRC4 and 3
NAIP protomers (ratio = 2.67). Indeed, NAIP/NLRC4 disks of 11-fold symmetry have been
reported (Halff et al., 2012). It is intriguing to speculate that inflammasomes not only
contain 2 or 3 NAIP protomers but may even require the activation of multiple NAIPs to
trigger assembly. This heightened threshold could help to prevent spontaneous activation of
the NAIP/NLRC4 inflammasome due to rare population of the active NAIP conformation,
circumventing autoinflammatory complications linked to inappropriate inflammasome
activation (Schroder and Tschopp, 2010). Regardless, taken together, our data identify the
NBD-associated helical domains as a highly evolvable surface that mediates pathogen
recognition by a class of NLR innate immune sensors.

EXPERIMENTAL PROCEDURES

Expression constructs

All constructs except IL-1p (pSPORT, CMV promoter) were cloned into the MSCV2.2
retroviral vector, and expression was driven by the viral LTR. Murine NLRC4, NAIP2,
NAIP5, NAIP6, CASPASE-1, pro-IL-1p, and N-terminally 6myc-tagged FlaA (L.
pneumophila) and PrgJ (S. typhimurium) have been described (Kofoed and Vance, 2011),
except that NAIP5 was modified to replace a C-terminal codon missing relative to the
reference sequence (NCBI refseq. NP_035000.2). NAIP chimeras were generated by
splicing-by-overlap extension PCR. N-terminal epitope tags were added by conventional
PCR using forward primers containing either a 1IXFLAG or 1xHA tag immediately after the
start codon. See Supplemental Experimental Procedures for details.

Cell culture and transient transfection

HEK?293T cells were grown in complete medium (DMEM, 10% FBS, 2mM L-glutamine,
100 U/mL penicillin, 100 pg/mL streptomycin). Cells were seeded into 6-well plates at a
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density of 8 x 10° cells per well or into 24-well plates at 1.5 x 10° cells per well, and
transfected the following day using Lipofectamine 2000 (Invitrogen) according to
manufacturer’s instruction.

Reconstituted inflammasome and native PAGE

Inflammasome reconstitution was performed as previously described (Kofoed and Vance,
2011, 2013). In brief, HEK293T cells were transfected with NLRC4, a NAIP construct(s),
and the appropriate ligand(s). Cells were lysed with 1% digitonin, and oligomerization was
assessed by blue native PAGE (polyacrylamide gel electrophoresis) followed by
immunoblotting. For additional details, see Supplemental Experimental Procedures and
(Kofoed and Vance, 2013).

Immunoprecipitation

Immunoprecipitation protocol was essentially as previously described (Zhao et al., 2011). In
brief, transfected HEK293T cells were lysed with 1% Triton X-100. Lysates were divided
equally and subjected to immunoprecipitation with specific antibody or isotype controls.
Where indicated, separately transfected HEK293T cells were mixed prior to lysis. For
additional details, see Supplemental Experimental Procedures.

IL-1p processing

HEK293T cells were transfected in 24-well plates with 50 ng of pro-1L-1f and 160 ng each
of the remaining plasmids. After 24 hours, media was removed and cells were lysed in plate
in RIPA buffer (50 mM Tris, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1%
SDS, 1mM PMSF, 1x Roche protease inhibitor tablet [no EDTA], pH 8.0) for 20 min at
4°C. Lysates were clarified by centrifugation at 16,000 g for 30 min at 4°C, and supernatants
(18% of total) were separated by 12% SDS-PAGE in MES buffer (Invitrogen) and
immunoblotted for IL-1p.

Immunoblotting and densitometry

Proteins separated by either native or denaturing PAGE were transferred to Immobilon-FL
PVDF membranes (Millipore). Membranes were blocked with Li-Cor Odyssey blocking
buffer (denaturing gels) or 5% milk (native gels). See Supplemental Experimental
Procedures for antibody details. Immunoblots were imaged using a Li-Cor fluorimeter,
followed by conventional chemiluminescent immunoblotting for native gels. Native gel
images shown are chemiluminescent immunoblots. Densitometry was performed on Li-Cor
immunoblots using ImageJ. In at least one experiment, a FLAG-NLRC4 dilution series was
used as a standard curve to ensure quantified bands of anti-FLAG immunoblots were in the
linear range of signal.

Domain annotation and homology modeling

NAIP domains were identified by amino acid query using the NCBI Conserved Domain
Database or by homology modeling NAIPs to the NLRC4 crystal structure (Hu et al., 2013)
using the Phyre2 one-to-one threading tool (Kelley and Sternberg, 2009). A homology
model of full-length NAIP2 was generated using the Phyre2 intensive modeling mode to
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allow multiple template modeling with the following templates: PDB 1130, RKXF, 1TFQ,
1PGV, 2A5Y, 3T6P.

Analysis of positive selection

Publicly available NAIP gene sequences were used for all analyses. Rodent NAIP sequences
(mouse NAIP1, 2, 5, 6 and 7; rat NAIP2 and 5; and hamster NAIP) were aligned and
trimmed to remove all ambiguities and gaps. Similarly, NAIP orthologs from 8 primate
species (human, chimpanzee, bonobo, gorilla, orangutan, rhesus macaque, baboon and
African green monkey) were aligned and trimmed. Alignments were analyzed by GARD in
the HyPhy package (Kosakovsky Pond et al., 2006) for evidence of recombination.
Maximum likelihood analyses were performed on primate NAIP genes using PAML (Yang,
2007) to compare models that disallow (M7) or allow (M8) for codons to evolve under
positive selection. Reported p-values compare the log likelihood values for each model
using a chi-squared test with two degrees of freedom. Specific codons that evolved under
recurrent positive selection with a posterior probability of >0.95 were identified using the
Naive Empirical Bayes analysis within PAML. Sliding window analyses were performed
using K-estimator (Comeron, 1999).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. NAIP5 LRR is dispensable for recognition of flagellin
(A) Schematic of NAIP predicted domains drawn to scale. Baculovirus inhibitor of

apoptosis repeat (BIR) and leucine-rich repeat (LRR) domains were identified by amino acid
query against the NCBI Conserved Domain Database. The nucleotide binding domain
(NBD), helix domain 1 (HD1), winged helix domain (WHD), and helix domain 2 (HD2)
were annotated by homology modeling to NLRC4 (PDB 4KXF). Chimera breakpoints are
identified by lowercase letters (a—g) and by dashed lines. Amino acid identity between
NAIP2 and NAIP5 or NAIP5 and NAIP6 is indicated for each segment and across total
protein length.

(B) Oligomerization assay to test the specificity of NAIP5.2 chimeras. HEK293T cells were
transfected with NLRC4 and the indicated NAIP chimera and 6myc-tagged ligand. After 48
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hours, cell lysates were harvested, normalized for total protein, subjected to blue native
PAGE, and immunoblotted (IB) for NLRC4, as previously described (Kofoed and Vance,
2011). Results shown are representative of at least 3 independent trials. See also Figure S1.
(C) NAIP chimera responses to each ligand in (B) were quantified by densitometry of the
oligomer species and normalized to wild-type NAIP2 or NAIP5 response to PrgJ or FlaA,
respectively.

(D) Lysates from (B) were subjected to denaturing SDS-PAGE and immunoblotted for
NLRC4, NAIP5, myc, and B-actin to control for equal transfection and loading.

(E) NAIP2.5 inflammasomes are functional and induce IL-1f cleavage. HEK293T cells
were transfected as in (B) but with the addition of CASP-1 and pro-IL-1p. Cell lysates were
harvested at 24 hours and immunoblotted for IL-18; full-length (pro) and cleaved (p17)
forms are indicated. Results shown are representative of 2 independent trials.
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Figure 2. NAIP2 LRR is dispensable for recognition of PrgJ
(A) Oligomerization assay to test the specificity of NAIP2.5 chimeras. HEK293T cells were

transfected with NLRC4 and the indicated NAIP chimera and 6myc-tagged ligand. Cell
lysates were subjected to blue native PAGE as in Figure 1. Results shown are representative
of at least 3 independent trials. See also Figure S2.

(B) NAIP chimera responses to each ligand in (A) were quantified by densitometry of the
oligomer species and normalized to wild-type NAIP2 or NAIP5 response to PrgJ or FlaA,
respectively.

(C) Lysates from (A) were subjected to denaturing SDS-PAGE and immunoblotted for
NLRC4, NAIP2, myc, and B-actin.

(D) NAIP5.2 inflammasomes are functional. HEK293T cells were transfected as in (A) but
with the addition of CASP-1 and pro-IL-1p. Cell lysates were analyzed for IL-1p cleavage
after 24 hours. Results shown are representative of 2 independent trials.
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Figure 3. Central NBD-associated domains of NAIP2, including HD1, WHD, and HD2, are
sufficient for recognition of PrgJ
(A) Oligomerization assay to test the specificity of NAIP5.2.5 chimeras. HEK293T cells

were transfected with NLRC4 and the indicated NAIP chimera and 6myc-tagged ligand.
Cell lysates were subjected to blue native PAGE as in Figure 1. Results shown are
representative of at least 3 independent trials. See also Figure S3.

(B) NAIP chimera responses to each ligand in (A) were quantified by densitometry of the
oligomer species and normalized to wild-type NAIP2 or NAIP5 response to PrgJ or FlaA,
respectively.

(C) Lysates from (A) were subjected to denaturing SDS-PAGE and immunoblotted for
NLRC4, NAIP5, myc, and p-actin.

(D) NAIP5.2.5 inflammasomes are functional. HEK293T cells were transfected as in (A) but
with the addition of CASP-1 and pro-IL-1p. Cell lysates were analyzed for IL-1p cleavage
after 24 hours. Results shown are representative of 2 independent trials.
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Figure 4. Central NBD-associated domains of NAIP6, including HD1, WHD and HD2, are
sufficient for recognition of flagellin
(A) Oligomerization assay to test the specificity of NAIP2.6.2 chimeras. HEK293T cells

were transfected with NLRC4 and the indicated NAIP chimera and 6myc-tagged ligand.
Cell lysates were subjected to blue native PAGE as in Figure 1. See also Figure S4.

(B) NAIP chimera responses to each ligand in (A) were quantified by densitometry of the
oligomer species and normalized to wild-type NAIP2 or NAIP6 response to PrgJ or FlaA,
respectively.

(C) Lysates from (A) were subjected to denaturing SDS-PAGE and immunoblotted for
NLRC4, NAIP5, myc, and B-actin. The NAIPS antibody also detects NAIP6.

(D) NAIP2.6.2 chimeras exhibit basal IL-1p cleavage. HEK293T cells were transfected as in
(A) but with the addition of CASP-1 and pro-1L-1B. Cell lysates were analyzed for IL-1p
cleavage after 24 hours. All results shown are representative of 3 independent trials.
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Figure 5. The ligand specificity domain has evolved under positive selection
(A) Sliding window comparison of the dN/dS ratio between mouse and rat Naip2 genes.

dN/dS ratios were calculated every 20 codons with a window size of 50 codons. Shown
above is the domain structure of mouse NAIP2.

(B) Results of PAML analyses on the entire primate NAIP gene, the ligand specificity
domain alone, and the entire gene outside the ligand specificity domain. The left column
shows two times the log likelihood difference between a model that allows (M8) or
disallows (M7) positive selection. The right column shows the statistical significance of
support for the gene, or domain, having evolved under positive selection. Values in red
indicate strong support for positive selection. Red triangles indicate primate NAIP codons
(corresponding to mouse NAIP2 residues 941, 965 and 1049) identified as having evolved
under recurrent positive selection with a posterior probability of >0.95. See also Figure S5.
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Figure 6. NAIPs require cognate ligand to assemble into an inflammasome
(A) HA-NAIP2 associates with FLAG-NAIP5 only when both cognate ligands are present.

HEK?293T cells were co-transfected with multiple NAIP constructs, distinguishable by
FLAG or HA tags, and NLRC4 and 6myc-tagged ligands as indicated. After 48 hours, cell
lysates were divided equally, and assembled inflammasomes were immunoprecipitated (IP)
with anti-FLAG antibody (Flag) or normal mouse 1gG (-) as a negative control. To control
for non-specific inter-oligomer association, separately assembled inflammasomes were
mixed in lysate (denoted by arrows).

Immunoprecipitates were separated by SDS-PAGE and immunoblotted for HA, FLAG,
NLRC4 and myc. Results are representative of at least 4 independent trials.

(B) Prior to immunoprecipitations in (A), 5% of lysate volume was removed as input,
separated by SDS-PAGE, and immunoblotted in parallel with IP samples.

(C) FLAG-NAIPs are detectable in assembled inflammasomes only when provided with
their cognate ligand. HEK293T cells were co-transfected with NLRC4 and the indicated
6myc-tagged ligand and NAIP construct(s). After 48 hours, cell lysates were harvested,
separated in parallel by blue native PAGE and SDS-PAGE, and immunoblotted for FLAG
followed by NLRC4 and myc. See also Figure S6.
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Figure 7. Model of NAIP autoinhibition relief by ligand binding

(A) Comparison of NLRC4 (PDB 4KXF) and predicted NAIP2 domain architecture. Solid
lines indicate the NAIP ligand specificity domain identified in this study and autoinhibitory
domains previously identified for NAIP (Kofoed and Vance, 2011) and NLRC4 (Hu et al.,
2013). The dashed line denotes a potential extension of the autoinhibitory domain based on
comparison with NLRC4; the asterisk marks the NLRC4 autoinhibitory residue H443 that is
not conserved in NAIPs. Amino acid identity between NAIP2 and NLRC4 is indicated for
each segment. See also Figure S7.

(B) Homology model of NAIP2 by multiple template threading using the Phyre2 server.
NAIP2 predicted domains are colored as follows: NBD (tan), HD1 (pink), WHD (red), HD2
(orange), and LRR (blue). The N-terminal BIR domains of NAIP2 are not shown. Regions

outside of the predicted domains are depicted in gray; predicted structure of the unannotated
domain (especially residues 987-1040) is based on low-confidence ab initio modeling.
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(C) Model for NAIP activation by ligand binding. Regions of low-confidence structural
modeling have been replaced with dashed lines. Ligand, depicted as a green oval, is
predicted to bind primarily within the NAIP ligand specificity domain. Ligand binding may
sterically occlude autoinhibitory interactions and/or allosterically induce rotation of
autoinhibitory domains away from the NBD in a manner similar to apoptosome assembly
(Reubold et al., 2011). Exposure of NBD oligomerization surfaces triggers assembly of the
NAIP/NLRC4 inflammasome.
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