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INNATE IMMUNITY

Structural and biochemical basis for
induced self-propagation of NLRC4

Zehan Hu,' Qiang Zhou,>* Chenlu Zhang,'* Shilong Fan,' Wei Cheng,® Yue Zhao,*
Feng Shao,* Hong-Wei Wang,! Sen-Fang Sui,>t Jijie Chai't

Responding to stimuli, nucleotide-binding domain and leucine-rich repeat—-containing
proteins (NLRs) oligomerize into multiprotein complexes, termed inflammasomes,
mediating innate immunity. Recognition of bacterial pathogens by NLR apoptosis
inhibitory proteins (NAIPs) induces NLR family CARD domain—containing protein

4 (NLRC4) activation and formation of NAIP-NLRC4 inflammasomes. The wheel-like structure
of a PrgJ-NAIP2-NLRC4 complex determined by cryogenic electron microscopy at 6.6 angstrom
reveals that NLRC4 activation involves substantial structural reorganization that creates

one oligomerization surface (catalytic surface). Once activated, NLRC4 uses this surface to
catalyze the activation of an inactive NLRC4, self-propagating its active conformation to form
the wheel-like architecture. NAIP proteins possess a catalytic surface matching the other
oligomerization surface (receptor surface) of NLRC4 but not those of their own, ensuring that
one NAIP is sufficient to initiate NLRC4 oligomerization.

ucleotide-binding domain (NBD)- and

leucine-rich repeat (LRR)-containing pro-

teins (NLRs) are critical for the cytosolic

immunosurveillance system of mammals

(1-4). Dysregulation of NLR function is as-
sociated with several human diseases (5-8). NLRs
are pattern recognition receptors that recognize
pathogen-associated molecular patterns (PAMPs)
or host-derived danger components, resulting
in NLR activation and oligomerization (1, 4).
The oligomerized NLRs then recruit procaspase-1
(pro-Caspl) either directly or through the adap-
tor protein apoptosis-associated speck-like pro-
tein containing CARD (caspase activation and
recruitment domain) (ASC), forming inflamma-
somes that catalyze Casp-1 activation (, 9). Once
activated, Casp-1 proteolytically processes pro-
interleukin 1B (pro-IL-1B) and pro-IL-18 to ini-
tiate host innate immune responses.

NLR proteins contain a varied N-terminal
domain such as CARD or pyrin domain (PYD),
a central nucleotide binding and oligomerization
domain (NOD), and a C-terminal LRR domain
(4). The NOD module, containing an NBD and a
helical domain 1 (HD1) followed by a winged-
helical domain (WHD) (10), is an adenosine
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diphosphate-adenosine triphosphate binding
motif conserved in the apoptotic proteins Apaf-1
and CED-4 (II). NLRs are maintained in an
autoinhibited state by their C-terminal LRR
domains (12, 13). Recent studies support a uni-
fied model of NLR activation in which ligand-
induced clustering of PYD from an NLR [or
absent in melanoma 2 (AIM2)] serves to nucleate
the ASCP'P filament for Casp-1 polymerization
and activation (74, 15).

NLRC4 inflammasomes are activated by bac-
terial pathogens carrying flagellin or the compo-
nents of type III secretion system (T3SS) (16-23).
Specificity of the NLRC4 inflammasomes for
different bacterial ligands is dictated by NLR
apoptosis inhibitory proteins (NAIPs) (24, 25)
that contain three baculoviral inhibitor of apopto-
sis (IAP) repeat (BIR) domains at their N-terminal
sides. In mice, direct recognition of the bacterial
flagellin and the T3SS rod protein PrgJ is mediated
by NAIP5/6 and NAIP2, respectively (24, 25). The
structural determinants for recognition of the
two bacterial PAMPs lie in the NOD module of
a NAIP protein (26). Ligand binding induces
NAIP interaction with NLRC4, followed by oli-
gomerization of their complex (24, 25). Assembly
of flagellin-NAIP5-NLRC4 inflammasomes was
proposed to follow a sequential manner (27), but
evidence for this model is lacking.

Results

The wheel-like structure of a
PrgJ-NAIP2-NLRC4 complex revealed

by cryo-EM

A protein complex composed of PrgJ, NAIP2, and
full-length NLRC4 (NLRC4™™, fig. SIA) but not
a CARD-truncated NLRC4 (residues 90 to 1024,
NLRC4"CARD) (fig. S1B) contained double-ring
structures as revealed by cryogenic electron mi-

croscopy (cryo-EM) (figs. S2A and S3A), indicat-
ing that the double-ring structures are mediated
by the CARD of NLRC4. Two-dimensional (2D)
class averages of the latter complex revealed
particles featuring wheel-like structures contain-
ing mainly 11, some 10 (fig. S2A, bottom panel),
and a small fraction of 12 protomers, and mul-
tilayer structures (fig. S2, B and C). The wheel-
like architectures are further supported by com-
parison of the single-layer side-view averages
with their mirrored images (fig. S2D).

Intriguingly, particles of the NLRC4™-containing
complex mainly contained 11 and 12 protomers
(fig. S3, A to F, and table S1), similar to those
purified from mammalian cells (27). In the 2D
class averages without imposing any symmetry,
the 10, 11, or 12 protomers within one particle are
highly similar (figs. S2A and S3A), suggesting
that NAIP2 and NLRC4 have a conserved struc-
ture, as evidenced by sequence alignment of NLR
proteins (fig. S4). Further supporting their con-
served structures, the 3D reconstructions of
the 11- and 10-protomer without imposing any
symmetry revealed wheel-like structures with
pseudosymmetry (fig. S2E). We thus performed
3D reconstruction refinement of the two types of
complexes with c11 or ¢c10 symmetry averaging.
The resulting cryo-EM maps (Fig. 1A) had an
overall resolution of 6.6 A for the 11-protomer
(NLRC4““*RP_containing complex) and 6.7 A
for the 10-protomer complex (fig. S2, F to K,
and table S1). These two types of complexes
slightly differ in diameter and height (Fig. 1A).
Separate rigid-body fitting of the NBD-HDI1
module and its following C-terminal segment
(WHD-HD2-LRR) from the inactive NLRC4 (13)
into the EM volumes demonstrated a high com-
patibility with the 3D reconstructions (Fig. 1A).
Local resolution analysis indicated that the inner
part of the 11-protomer wheel-like structure
was of significantly higher resolution (5.5 A)
(Fig. 1B), allowing an easy assignment of second-
ary structure elements of the NOD module
(Fig. 1C).

Some registry errors will be present in our
models, as NAIP2 was approximated to NLRC4,
but the models are sufficient to characterize do-
main organization and interactions between sec-
ondary structural elements, the main focuses
of our current study. We limit our discussions
to the 1l-protomer model of the PrgJ-NAIP2-
NLRC4*“®P complex that is nearly identical with
that of the 11-protomer PrgJ-NAIP2-NLRC4*"
complex (fig. S3G).

A single NAIPZ2 initiates progressive
assembly of the wheel-like structure

To determine the stoichiometry of the PrgJ-
NAIP2-NLRC44“ARP complex, we performed
Ni-NTA-nanogold labeling EM (against the N-
terminally His-tagged NAIP2) for the oligomer-
ized complex eluted at higher molecular weights
(fig. S1C, bottom panel). The results showed that
each single particle of the complex was bound by
one gold particle (Fig. 1D and fig. S5A), suggest-
ing that the complex contained one NAIP2 mol-
ecule. Ni-NTA-nanogold labeling EM against the
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Fig. 1. A PrgJ-NAIP2-NLRC4 complex forms wheel-like structures. (A) Three-
dimensional reconstructions of the PrgJ-NAIP2-NLRC
crystal structure (Protein Data Bank code 4KXF) docked. The NLRC4 monomer

4ACARD complex with the

was divided into two halves between HD1 and WHD domains. The two halves
were joined together again with Modeller after rigid-body docking into the cryo-EM density map by UCSF Chimera. (Top) the 11-protomer complex; (bottom)

the 10-protomer complex. (B) The local resolution of cryo-EM density map of the PrgJ-NAIP2-NLRC

4ACARD

®)

complex with c11 symmetry. (C) Finally refined cryo-

EM density map surrounding the NOD module of NLRC4. (D) Ni-NTA-nanogold labeling (5.0 nm) of the N-terminally His-tagged NAIP2 in complex with PrgJ
and NLRC42CARD eluted at positions of higher molecular weights (see fig. SIC). On the left is a representative negative-stain micrograph of the nanogold-
labeled complex. Particles highlighted in red squares are shown in the insets. (E) Partially oligomerized structures of the PrgJ-NAIP2-NLRC4*CARD complex
eluted at lower molecular weights (see fig. SIC). (Top) A representative negative-stain micrograph of the PrgJ-NAIP2-NLRC4*CARP complex. (Bottom)

Representative 2D class averages of PrgJ-NAIP2-NLRC

N-terminally His-tagged PrgJ for the same complex
gave a similar result (fig. S5B). Consistently, gel
filtration analysis showed that PrgJ-NAIP2-NLRC4™
and PrgJ-NAIP2-NLRC4““*RP were substoichio-
metric complexes (fig. S1C).

PrgJ-NAIP2-NLRC4““EP eluted at the positions
of lower molecular weights (fig. S1C, bottom panel)
formed unclosed and twisted structures with var-
iable sizes (Fig. 1E). Owing to the absence of
pseudo-symmetry in these complexes, the 2D
classification tends to align the open ends of the
particles for maximal overlap and thus likely re-
veals subtle structural differences between NAIP2
and NLRC4 if the single NAIP2 in one structure
is not randomly positioned. Indeed, for each
particle type the protomer at one end appears
different from the remaining copies in the 2D
class averages (Fig. 1E, bottom panel), suggesting
that it corresponds to NAIP2. This agrees with
the concept that assembly of the NAIP-NLRC4
inflammasomes starts with ligand-induced acti-
vation of a NAIP molecule (24, 25). Further sup-
porting our conclusion, a nanogold-labeling EM
(against NAIP2) study showed that a single
nanogold particle bound to one partially oligo-
merized complex particle (fig. S5C). This con-
clusion is also in line with our observation that
NAIP2 and NAIP5, although highly conserved
in their sequences, failed to coexist in the same
single-ring structure (fig. S6).

NOD-mediated formation of the wheel-like
structure of PrgJ-NAIP2-NLRC4*CARP

One side of the NOD module from each pro-
tomer packs against the opposite side of the
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4ACARD particles.

NOD from the adjacent protomer in an in-
variant fashion (Fig. 2, A and B), providing the
major protomer-protomer interactions that sta-
bilize the wheel-like structure. Two adjacent
LRRs contact each other largely through com-
plementary charged surfaces (fig. S7). The wheel-
like architecture (Fig. 2A) is reminiscent of the
structures of Apaf-1 (28), DARK (29, 30) and
CED-4 (31) apoptosomes. However, marked dif-
ferences exist between NLRC4 and Apaf-1 in oli-
gomeric assembly (fig. S8, A and B). Apaf-1 and
DARK oligomerization is predominantly medi-
ated by the structural elements from NBD and
HD1 (28, 30). By contrast, the WHD of NLRC4 is
also involved in the formation of a lateral dimer
besides NBD and HD1 (Fig. 2B).

Structural remodeling creates
one oligomerization surface during
NLRC4 activation

Structure comparison revealed that NLRC4 un-
dergoes striking structural remodeling during
activation, with WHD-HD2-LRR rotating largely
as a rigid body ~90 degrees around the hinge
region (residues 354 to 356) between HD1 and
WHD (Fig. 2C and figs. S9 and S10). One dimeric
surface, formed by structural elements from NBD
and HD1, is largely exposed in the inactive NLRC4:
(Fig. 2D and fig. S11, right panel). This surface
(hereafter called receptor surface) is preformed,
because NBD and HD1 undergo little change rel-
ative to each other during activation. Interaction
of the inactive NLRC4 with an activated NLRC4
is sterically hindered by the C-terminal end of
015 (labeled in red) from the WHD of the inactive

NLRC4 (Fig. 2D), located immediately after the
hinge region (Fig. 2C). By contrast, the LRR do-
main is positioned by the other oligomeric sur-
face (hereafter called catalytic surface) in the
inactive NLRC4 and completely overlaps with
its neighboring NLRC4 protomer from a lateral
dimer (Fig. 2E and fig. S11, left panel). In further
contrast with the receptor surface, half of the
catalytic surface is composed of structural ele-
ments from the WHD (Fig. 2E), indicating that
this oligomerization surface is activation-created
and can be fully formed only after structural re-
organization of NLRC4 during activation. By com-
parison, both of the two oligomeric surfaces of
Apaf-1 are preexistent in an inactive Apaf-1
(28, 32) (fig. S8C).

The catalytic surface initiates
NLRC4 autoactivation

Formation of the unclosed structures (Fig. 1E)
starting with NAIP2 indicates that their assem-
bly is a unidirectional process. The propagation
direction of these structures can be unambiguously
determined by the observation that the C-terminal
portion of LRR domain from each protomer is
located at the same side as the catalytic surface of
NLRC4 (Figs. 1E and 2B). These results strongly
suggest that an activated NLRC4 uses the cat-
alytic surface for interaction with and activation
of an inactive NLRC4 (Fig. 3, A and B), leading
to progressive intermolecular autoactivation of
NLRC4. On the other hand, the equivalent po-
sitioning of NAIP2 to NLRC4 in the 2D class
averages (Fig. 1E) suggests that the receptor sur-
face of NLRC4 contacts NAIP2. Fully supporting
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Fig. 2. NLRC4 activation creates the catalytic surface for oligomerization. (A) Cartoon represen-
tations of oligomerized NLRC42“ARP in top and side views. Color codes for domains of NLRC4 are indi-
cated. (B) A lateral dimer of NLRC4*“ARP The N- and C-terminal sides of NLRC4 are labeled. (C) Striking
structural reorganization occurs to NLRC4 during activation. Cartoon representations of the inactive (left)
and active (right) structures of NLRC4. The two structures superimposed with the NOD module of the
inactive NLRC4 as the template are shown in the same orientation. The red arrow indicates the direction of
the C-terminal LRR domain movement from inactive to active state. The hinge region is highlighted in the
red circle. The middle panel illustrates a structure comparison of the hinge region from the inactive and
active structure. (D) The NOD module of the inactive NLRC4 (in transparent surface) was aligned with one
NLRC4 monomer (right) from a lateral dimer (in cartoon). (E) The NOD module of the inactive NLRC4 (in
transparent surface) was aligned with one NLRC4 monomer (left) from a lateral dimer (in cartoon).

this conclusion, NLRC4%**®* from the catalytic
surface still displayed flagellin-induced interac-
tion with NAIP5 but failed to form higher-order
oligomeric complexes (13). Gel filtration anal-
ysis and negative staining EM 3D reconstruction
showed that the flagellin-NAIP5-NLRC4R258AACARD
complex was dimeric in solution (Fig. 3C; fig. S12,
A to E; and table S1). The 3D reconstruction (Fig.
3D) revealed a region of extra density for one of
the two protomers, which is probably from NAIP5.

NLRC4“43°PACARD 150ated at the same side
as NLRC4R288AACARD (Byo 3B) generated similar
effects on flagellin-induced NLRC4 oligomeriza-
tion and interaction with NAIP5 (Fig. 3, Cand E).
Consistently, NLRC44%P and NLRC4¥*** but not
NLRC4"*%** and NLRC4"**** abrogated flagellin-
NAIP5 or PrgJ-NAIP2 mediated production of

SCIENCE sciencemag.org

IL-1B, phenocopying NLRC4®?584 (fig. S13, A
and B). Further supporting these results,
NLRC4R285AACARD and NLRC4R434AACARD in-
teracted with NAIP5 in a stoichiometry sim-
ilar to the wild NLRC4*““® but different from
NLRC4R288AACARD, NLRC4L435DACARD, and
NLRC4¥33ACARD (Bio 3 and fig. S14).

Asp™ from the receptor surface was modeled
to form polar interactions with Arg?® (Fig. 3B)
from the catalytic surface. Consistently, NLRC4P>%A
abrogated flagellin-NAIP5 or PrgJ-NAIP2 medi-
ated generation of IL-1B (fig. S13, C and D). Sim-
ilar results were obtained with the mutants
NLRC4P"?%* and NLRC4™2*P (Fig. 3B) located at
the same oligomeric surface. However, a higher
level of NLRC4P™2%A protein was still responsive
to flagellin or PrgJ (fig. S13, C and D), indicating

that this mutation only partially inhibited NLRC4
activation. NLRC4"2*PACARD 3nq NLRC4P12A4CARD
displayed no detectable interaction with NAIP5
induced by flagellin in our pull-down assay (Fig.
3E), in sharp contrast with NLRCM/35PACARD
and NLRC4R288AACARD £1.451m the catalytic surface
(Fig. 3, C and E).

Our model (Figs. 3A and 4A) predicts that an
activated NAIP or NLRC4 molecule can interact
with and activate the inactive mutant NLRC472584
that has an intact receptor surface. The NLRC4
mutant, however, is unable to activate a second
inactive NLRC4 molecule due to its impaired
catalytic surface. Thus, NLRC4%2%%4 is expected
to inhibit formation of the wheel-like structure of
the PrgJ-NAIP2-NLRC4™ complex by terminat-
ing the propagation of NLRC4, forming partially
oligomerized structures. Indeed, the complex con-
taining the four proteins was shifted to the lower
molecular weight species as compared with the
PrgJ-NAIP2-NLRC4™" complex (Fig. 4B). As
predicted, structures similar to those of the
partially oligomerized PrgJ-NAIP2-NLRC4AARD
were observed in the NLRC4RZ58AMCARD_¢ontaining
complex (Fig. 4C). In further support of our
model (Fig. 3A and fig. S15A), the constitutively
active mutant NLRC4T#3LACARD (73 interacted
with and induced oligomerization of wild-type
NLRC4™ (fig. S15, B to E).

NAIPs possess catalytic surfaces
matching the receptor surface of NLRC4

Our data (Figs. 1E, 3D, and 3E) support the
idea that NAIP5 interacts with the receptor sur-
face of NLRC4 (Fig. 5A). Well agreeing with this
conclusion, Arg®®® and the B-hairpin tip of WHD
from the catalytic surface of NLRC4 are highly
conserved in the NAIP members (Fig. 5B). In
contrast, the critical amino acids from the re-
ceptor surface of NLRC4 are highly variable in
all the NAIP members (Fig. 5B). Further sup-
porting our model (Fig. 5A), mutations of Arg”®®
(Arg®°Ala) and Leu™ (Leu™"Asp) from NAIP5
or Arg®* (Argf%*Ala) and Leu™® (Leu”°Asp)
from NAIP2 that are equivalents of Arg>*® and
Leu*®® of NLRC4, respectively (Fig. 5B), re-
sulted in no detectable activity of NLRC4-mediated
production of IL-1B (fig. S16, A and B). Substantial
increases in protein expression, however, resulted
in partial activity of the NAIP5 or NAIP2 mutants
in producing IL-1B (fig. S16, A and B). Interest-
ingly, the two NAIP5 mutations were less effective
in inhibiting flagellin-induced NAIP5-NLRC4*ARP
interaction (Fig. 5C, top panel) than those from
the receptor surface of NLRC4 (Fig. 3E). The
reason for this might be that the residual activity
of these NAIP5 mutant proteins still activated a
small amount of NLRC4 that can proceed with
autocatalytic activation. This differs from the mu-
tations from the receptor surface that have an
accumulating effect on inhibiting the assembly
of NAIP-NLRC4 inflammasomes. Supporting these
ideas, the two NAIP5 mutants exhibited nearly
no detectable flagellin-induced interaction with
NLRC4RZ88AACARD (Bio 5C, bottom panel) that
has an impaired catalytic surface. By contrast, the
immunoactive mutants NAIP5® and NAIP5¥>*A
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Fig. 3. The catalytic surface initiates NLRC4 self-oligomerization. (A) A
model depicting formation of a lateral NLRC4 dimer through the interaction
of an activated NLRC4 and with an inactive NLRC4. The red and blue arrows
indicate the catalytic surface (in active NLRC4) and receptor surface, respec-
tively. Positions of some residues from the catalytic surface and receptor
surface are indicated. (B) Amino acids located at a lateral NLRC4 dimeric
interface. Residues from the catalytic surface and receptor surface are colored
in yellow and cyan, respectively. (C) GST-FIIC_DO,, NAIP5, and NLRC4ACARD
wild type or mutants as indicated were coexpressed in insect cells, and the
purified proteins were subjected to gel filtration analysis after removal of

glutathione S-transferase (GST). (Left) Gel filtration profiles of protein
complexes as indicated. (Right) Samples of peak fractions shown in the left
panel were visualized by Coomassie staining after SDS—polyacrylamide gel
electrophoresis (SDS-PAGE). (D) Surface representation of 3D reconstruction
of the FIIC_DO_-NAIP5-NLRCA4RZEEACARD. complex shown in (C), with two
NLRC44CARD monomers docked. The red arrow indicates the extra density
map in which NLRC4*CARD cannot be fitted. (E) GST-FIiC_DO,, NAIP5, and
wild-type NLRC42CARD or its mutants as indicated were coexpressed in insect
cells. The proteins were purified using GS4B resin. Proteins bound to the resin
were detected by Coomassie blue staining after SDS-PAGE.

displayed similar interactions with either wild-
type NLRC4““ARD or NLRC4R?88AACARD o5 com-
pared with the wild-type NAIP5.

Together, our data showed that NAIP members
do not possess a receptor surface matching the
conserved catalytic surface of their own or NLRC4’s,
thus precluding them from self-oligomerization
and further recruitment into an existing NAIP-
NLRC4~containing complex by an activated NLRC4-.
These ensure incorporation of a single NAIP
molecule into one NAIP-NLRC4 inflammasome.

Discussion

Our present study, together with others (33, 34),
supports a sequential ligand-induced assembly of
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NAIP-NLRC4 inflammasomes (fig. S17). The par-
tially exposed receptor surface in the inactive
NLRC4 (Figs. 2D and 3A) may adopt a meta-
stable active state that has a higher binding
affinity with the catalytic surface of an activated
NLRC4. This interaction might also involve an
induced-fit mechanism. Regardless of conforma-
tional selection or induced fit or both pathways,
to avoid the clashes between the B-hairpin tip of
WHD from an activated NLRC4 and the receptor
surface of an inactive NLRC4 (Fig. 2D and fig.
S11), their interaction may induce a concerted
reorientation of the WHD from the inactive
NLRC4 (Fig. 2C and fig. S9). This results in
NLRC4 activation and formation of the catalytic

surface that activates a second inactive NLRC4
molecule, thus self-propagating the active con-
formation of NLRC4 to assemble the wheel-like
structure of inflammasomes (fig. S17). Apaf-1likely
follows a different paradigm for oligomerization.
Cryo-EM studies clearly showed a 1:1 stoichiom-
etry between Apaf-1 and cytochrome c in apopto-
some (28), suggesting that each Apaf-1 molecule
needs activation by cytochrome c for oligomeriza-
tion. This is supported by the observation that
both of the two oligomerization surfaces of in-
active Apaf-1 are completely buried (fig. S8C),
ruling out the possibility of self-propagation.
The properties of NLRC4 oligomerization are
reminiscent of the replication mechanism of a

sciencemag.org SCIENCE
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Fig. 4. NLRC4 is activated in a self-propagated manner. (A) A cartoon illustrating inhibition of the wheel-like structure of the PrgJ-NAIP2-NLRC4™ complex
by the mutant protein NLRC4R288ACARD The red star represents the position of Arg?®8Ala mutation from the catalytic surface. (B) Gel filtration analysis of the
PrgJ-NAIP2-NLRC4™ and PrgJ-NAIP2-NLRCA™-NLRC4R?EEAACARD complexes. The peak fractions were visualized by SDS-PAGE with Coomassie blue staining.
(C) Partially oligomerized structures of the PrgJ-NAIP2-NLRC4™-NLRC4R?EEACARD complex [sample from elution volume of 11 ml in (B)]. (Top) A repre-
sentative negative-stain micrograph of the complex. (Bottom) Representative 2D class averages of the complexes.
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Fig. 5. NAIP members have a conserved catalytic surface with NLRC4.
(A) A cartoon showing effects of mutations from NAIP or NLRC4 on their
ligand-induced interaction. The red star and the red cross indicate muta-
tions of key amino acids in the catalytic and receptor surface, respectively.
(B) Sequence alignment of NAIP members with NLRC4 around the cat-
alytic and receptor surface of NLRC4. The red dots on the top indicate
the amino acids whose mutations disrupt or compromise formation of the
wheel-like structures of NAIP-NLRC4 complexes. Numbers indicate the

positions of NLRC4 residues. Single-letter abbreviations for the amino acid
residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His;
I, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V,
Val; W, Trp; and Y, Tyr. (C) GST-FIiC_DO,, wild-type NAIP5 or its mutants,
and wild-type NLRC42CARD or NLRC4RPEBAACARD a5 indicated were coex-
pressed in insect cells. The proteins were purified using GS4B resin. Pro-
teins bound to the resin were detected by Coomassie blue staining after
SDS-PAGE.

prion in which conformational conversion from
its properly folded isoform into the prion form
(misfolded) is propagated in an autocatalytic
manner (35). Such a mechanism would render
the gain-of-function mutations mapped to de-

SCIENCE sciencemag.org

stabilize the inactive conformation of NLRC4
(86-38) more efficient to induce NLRC4 acti-
vation. However, self-propagation of NLRC4
differs from that of a canonical prion in that
the former is initiated by the PAMP-activated

NAIPs rather than self-seeded. Furthermore, self-
propagation of NLRC4 leads to a soluble wheel-
like structure with finite copies, whereas replication
of a prion is self-perpetuating and thus results in
formation of insoluble aggregates. Nonetheless,
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the homologies between NLRC4 oligomeriza-
tion and prion replication may help to better
understand their underlying mechanisms. It
remains unknown whether the prion-like mech-
anism is conserved in other immune NLR sen-
sors for oligomerization. However, one apparent
advantage of this mechanism is that a single
PAMP or a host-derived danger molecule is suf-
ficient for inducing formation of a fiber assem-
bly, which in principle contains endless ASC
because of its self-perpetuation property (39) and
thus generates an all-or-none response (40). The
requirement of ligand for initiation of this ac-
tivity could serve to minimize inadvertent acti-
vation of an NLR protein through intermolecular
collisions.
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INNATE IMMUNITY

Cryo-EM structure of the activated
NAIP2-NLRC4 inflammasome reveals
nucleated polymerization

Liman Zhang,">* Shuobing Chen,>** Jianbin Ruan,"? Jiayi Wu,>*
Alexander B. Tong,? Qian Yin,"? Yang Li,"? Liron David,"? Alvin Lu,?
Wei Li Wang,*® Carolyn Marks,® Qi Ouyang,? Xinzheng Zhang,”

Youdong Mao,>*°t Hao Wu"2t

The NLR family apoptosis inhibitory proteins (NAIPs) bind conserved bacterial ligands,
such as the bacterial rod protein PrgJ, and recruit NLR family CARD-containing protein 4
(NLRC4) as the inflammasome adapter to activate innate immunity. We found that the
PrgJ-NAIP2-NLRC4 inflammasome is assembled into multisubunit disk-like structures
through a unidirectional adenosine triphosphatase polymerization, primed with a single
PrgJ-activated NAIP2 per disk. Cryo—electron microscopy (cryo-EM) reconstruction at
subnanometer resolution revealed a ~90° hinge rotation accompanying NLRC4 activation.
Unlike in the related heptameric Apaf-1 apoptosome, in which each subunit needs to

be conformationally activated by its ligand before assembly, a single PrgJ-activated NAIP2
initiates NLRC4 polymerization in a domino-like reaction to promote the disk assembly.
These insights reveal the mechanism of signal amplification in NAIP-NLRC4

inflammasomes.

he nucleotide-binding domain (NBD) and
leucine-rich repeat (LRR)-containing pro-
tein (NLR) family participates in the for-
mation of inflammasomes that activate
caspase-1 for cell death induction and cy-
tokine maturation. NLR family apoptosis inhib-
itory proteins (NAIPs) are so far the only NLR
family members with specifically defined ligands
(1-4). NAIP2 detects the inner rod protein of the
bacterial type III secretion system, including
Salmonella typhimurium PrgJ, whereas NAIP5
and NAIP6 detect bacterial flagellin such as
Salmonella typhimurium FliC (2, 4, 5). NLR
family caspase recruitment domain (CARD)-
containing protein 4 (NLRC4) was initially found
to participate in caspase-1 activation and inter-

leukin (IL)-1B secretion in response to cyto-
plasmic flagellin (6) and was only recently shown
to be the common adapter for NAIPs (2, 4). The
NAIP-NLRC4 inflammasomes perform effec-
tor functions against intracellular bacteria (7, 8),
play protective roles in mouse models of colitis-
associated colorectal cancer (9, 10), and serve as a
potential strategy in tumor immunotherapy (7).
Mutations in NLRC4 also induce auto-inflammatory
diseases in humans (10, 12-14,).

We assembled the FliC-activated NAIP5-NLRC4
complex and the PrgJ-activated NATP2-NLRC4 com-
plex with the use of CARD-deleted NLRC4 (NLRC4A)
to avoid potential CARD-mediated aggregation
(Fig. 1A). Either full-length NAIP2 or N-terminal
baculovirus inhibitor of apoptosis protein repeat
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