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Abstract

As an important sensor in the innate immune system, NLRP3 detects
exogenous pathogenic invasions and endogenous cellular damage and re-
sponds by forming the NLRP3 inflammasome, a supramolecular complex
that activates caspase-1. The three major components of the NLRP3 in-
flammasome are NLRP3, which captures the danger signals and recruits
downstream molecules; caspase-1, which elicits maturation of the cytokines
IL-1p and IL-18 and processing of gasdermin D to mediate cytokine release
and pyroptosis; and ASC (apoptosis-associated speck-like protein contain-
ing a caspase recruitment domain), which functions as a bridge connecting
NLRP3 and caspase-1. In this article, we review the structural information
that has been obtained on the NLRP3 inflammasome and its components
or subcomplexes, with special focus on the inactive NLRP3 cage, the ac-
tive NLRP3-NEK7 (NIMA-related kinase 7)-ASC inflammasome disk, and
the PYD-PYD and CARD-CARD homotypic filamentous scaffolds of the
inflammasome. We further implicate structure-derived mechanisms for the
assembly and activation of the NLRP3 inflammasome.
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INTRODUCTION: SELF VERSUS NONSELF AND HARMFUL
VERSUS HARMLESS

As the first line of defense, the innate immune system constantly surveys the environment by de-
tecting threatening signs from microbial infections or endogenous cellular damage. It is called
innate because the sensing machinery is germline encoded and already exists before pathogen in-
vasion. The mechanism of detection in innate immunity was first proposed as pattern recognition
in which molecules conserved in microbes, such as viral nucleic acids, bacterial lipopolysaccharide
(LPS), and flagellin, are recognized by pattern recognition receptors (PRRs) to alert the immune
system (1). These conserved common microbial molecules are collectively known as pathogen-
associated molecular patterns (PAMPs), while molecules released from disrupted or dying cells
constitute damage-associated molecular patterns (DAMPs). The concept of pattern recognition
preceded the identification of the first PRR, provided a means of distinguishing self versus nonself,
and predicted well what the subsequently identified cell surface Toll-like receptors (TLRs) would
recognize (2, 3).

However, as more and more intracellular innate immune receptors were identified, it became
clear that not all of them directly interact with conserved PAMPs or DAMPs. By contrast, innate
immune receptors often sense the danger signals indirectly by detecting cellular changes exerted
by PAMPs or DAMPs. Instead of patterns, these receptors recognize perturbations and are thus
able to distinguish harmful versus harmless without necessarily discriminating nonself from self, as
these perturbations can come from both exogenous and endogenous sources. In most cases, innate
immune receptors elicit transcriptional programs such as the expression of cytokines, chemokines,
and antimicrobial peptides to exert host defense; sometimes, however, they cause cell death to stop
the propagation of pathogens, which is a desperate measure called for by desperate circumstances
G, 9.

In this context, inflammasomes are cytosolic supramolecular complexes that activate caspase-1
or other inflammatory caspases (5-7), and while some inflammasome sensors are PRRs, others
are perturbation detectors. One of the most-studied inflammasomes is the NLRP3 inflamma-
some, which is emerging as a perturbation detector for cellular stress and cell membrane damage.
NLRP3 (also known as cryopyrin) belongs to the nucleotide-binding domain (NBD)- and leucine-
rich repeat (LRR)-containing protein (NLR) family (5-7). NLRP3 has been found expressed in
immune cells of the myeloid lineage like neutrophils, monocytes, and dendritic cells; barrier cells;
lymphocytes; and neurons, and it is linked to many human diseases impacting different age groups
(8). Genetic aberrations of NLRP3 cause diseases that are collectively called cryopyrin-associated
periodic syndrome (CAPS). CAPS is represented by, from less severe to more severe, familial cold
autoinflammatory syndrome, Muckle-Wells syndrome, and neonatal-onset multisystem inflam-
matory disorder, affecting skin, joints, and even the central nervous system (8-11). The NLRP3
inflammasome has also been shown to play an important role in numerous common diseases,
from metabolic disorders like type 2 diabetes and obesity to central nervous system conditions
like Alzheimer disease and Parkinson disease to various cancers (8-11).

NLRP3 activation requires two steps, a priming step and an activation step. First, NLRP3 ex-
pression can be primed by PRRs upon recognition of PAMPs or DAMPs or by cytokines that
engage in immune and inflammatory responses. Upon activation of NF-«B or other transcrip-
tion factors, the expression of NLRP3 and other inflammasome components is transcriptionally
upregulated (6, 8, 11, 12). Posttranslational modifications of NLRP3, including ubiquitination,
phosphorylation, and sumoylation, also prime NLRP3 for activation while still keeping NLRP3
in an autoinhibited state (8, 11, 12). In the second step, NLRP3 is activated by diverse micro-
bial and sterile stimuli that often converge to K* efflux or other ionic changes (5, 11, 13-17).
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These stimuli range from bacterial toxins such as nigericin to extracellular ATP to particulates
such as uric acid crystals, cholesterol crystals, and amyloids. Importantly, a serine/threonine ki-
nase contributing to mitosis, NEK7 (NIMA-related kinase 7), has been found to play a critical
role in NLRP3 activation through direct binding (18-21). Upon activation, NLRP3 assembles
and recruits downstream components to form the inflammasome complex, and the activated in-
flammatory caspases proteolytically process cytokines to generate the mature forms and induce
the highly inflammatory form of cell death known as pyroptosis (5-7, 11).

THE NLRP3 INFLAMMASOME PATHWAY

Formation of the NLRP3 inflammasome, as a signaling cascade, can be separated and defined by
three typical components: sensor, adaptor, and effector. These roles are played by NLRP3, ASC
(apoptosis-associated speck-like protein containing a caspase recruitment domain), and caspase-1,
respectively (5, 6, 11, 22) (Figure 1a.b).
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Figure 1

(#) NLRP3 domains. (b)) The sensor-adaptor-effector machinery of the NLRP3 inflammasome, depicting interaction of NLRP3 with
ASC through their PYDs, and interaction of ASC with caspase-1 through their CARD:s. (¢) A molecular model of the NLRP3
inflammasome pathway, stepwise from upstream (@) to downstream (@). NLRP3 conformational change and the subsequent
intracellular trafficking lead to the binding of NLRP3 to NEK7, which induces formation of an NLRP3 inflammasome disk and
promotes NLRP3 PYD to form a filament. The NLRP3 PYD filament recruits ASC by nucleating the ASC PYD filament. The CARD
of ASC also clusters and forms a filament. The ASC CARD filament recruits caspase-1 by nucleating the caspase-1 CARD filament.
The caspase-1 caspase domain (p20/p10) dimerizes and autoprocesses, resulting in its activation. The active caspase-1 then cleaves
pro-cytokines in the IL-1 family to generate mature cytokines. Caspase-1 also cleaves GSDMD to generate an active GSDMD
N-terminal fragment for membrane pore formation that facilitates cytokine release and pyroptosis. Abbreviations: ASC,
apoptosis-associated speck-like protein containing a caspase recruitment domain; CARD, C-terminal caspase recruitment domain;
FISNA, fish-specific NACHT-associated domain; GSDMD, gasdermin D; HD1, helical domain 1; LRR, leucine-rich repeat; NBD,
nucleotide-binding domain; NEK?7, NIMA-related kinase 7; PYD, pyrin domain; WHD, winged helix domain.
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The sensor NLRP3 is composed of three parts: an amino (N)-terminal pyrin domain (PYD),
a carboxy (C)-terminal LRR, and a central NBD-containing ATPase domain called NACHT (6,
11, 20) (Figure 14). PYDs usually interact in a homotypic manner to regulate downstream signal-
ing. LRR domains mainly mediate protein-protein interactions, and the LRR of NLRP3 has also
been implicated in maintaining NLRP3’s stability. NACHT domains, which possess the ability
to bind nucleotides and hydrolyze ATP, once triggered, may go through ATP-dependent self-
oligomerization resulting in self-PYD interactions that further recruit ASC, the adaptor (6, 11,
20, 23-26) (Figure 1b,c).

The adaptor ASC contains an N-terminal PYD and a C-terminal caspase recruitment domain
(CARD). It is recruited to the clustered PYDs of the oligomerized NLRP3 molecules by homo-
typic PYD-PYD interactions, leading to formation of a prion-like ASC filament (26-28). These
nucleated filaments gather the C-terminal CARDs of ASC, which act as a platform to recruit
caspase-1, the effector (6, 11, 20, 26, 27) (Figure 1b.c).

Caspase-1 consists of an N-terminal CARD, a large catalytic subunit called p20, and a C-
terminal small catalytic subunit called p10 (29, 30) (Figure 15). The caspase-1 CARDs interact
with the clustered ASC CARDs and undergo similar nucleated filament formation (31, 32). These
filaments induce proximity-induced dimerization of the p20 and p10 catalytic subunits of caspase-
1 and self-cleavage at the linker between p20 and p10, making caspase-1 fully proteolytically active
(29, 33, 34). Although there is no biophysical limit on the range of stoichiometries that these pro-
teins can assume, the relative abundance between ASC and caspase-1 in cells has been estimated as
1:3.5 based on quantitative Western blot (26). Once active, caspase-1 is able to cleave and activate
gasdermin D (GSDMD), which is responsible for pyroptosis, and convert the pro-cytokines in
the IL-1 family into mature proinflammatory cytokines that are essential for regulating immune
responses (6, 11, 26, 29, 35-47) (Figure 1c).

STRUCTURES OF NLRP3 AND MODE OF INHIBITOR BINDING

As a typical NLR, the NACHT domain of NLRP3 is composed of a FISNA (fish-specific
NACHT-associated domain), an NBD, a helical domain 1 (HD1), a winged helix domain (WHD),
and a helical domain 2 (HD?2); the LRR domain comprises multiple LRR repeating units (6, 11, 20,
48-52) (Figures 12 and 24). The structures of the NACHT and LRR domains of NLRP3 were
first revealed from the cryo—electron microscopy (cryo-EM) structure of the NLRP3-NEK7 com-
plex (20) and further supported by subsequent cryo-EM studies on NLRP3 (48-51). Similar to
other NLRs like NOD2 and NLRC4 (53-56), the NACHT and LRR domains of NLRP3 show
a conserved earring shape (Figure 24). For NLRP3, the NBD is formed by a central f sheet sur-
rounded by « helices, the HD1, HD2, and WHD are mainly constructed by o helices, and the
LRR is structured with 12 repeats (Figure 24). The FISNA domain, which is partly disordered in
inactive NLRP3 and was previously considered part of the NBD, becomes fully ordered in active
NLRP3 (57). NBDs, HD1s, and WHDs share comparable architectures among NLRP3, NOD?2,
and NLRC4. HD2s and LRRs vary in conformation, as HD2s have distinct shapes and orienta-
tions and LRRs differ in the number of leucine-rich repeats (12, 10, and 14 repeats in NLRP3,
NOD2, and NLRCA4, respectively) and curvature (20, 53, 54).

In the inactive state, ADP binds at the nucleotide-binding pocket of NLRP3 within the
NACHT domain encircled by WHD, HD1, and NBD (20, 49-51). An inhibitor, MCC950 (also
known as CRID3), has been shown to directly inhibit NLRP3 (58). This inhibitor, as well as an-
other inhibitor created using it as the template, has been found binding to the NACHT domain
adjacent to ADP (49-51) (Figure 2b). In the active state, ATP is presumably bound to NLRP3,
but this conformation has not been captured. The PYD belongs to the death domain (DD) super-
family and exhibits a typical six-helix bundle structure (59, 60) (Figure 2¢). The structural details
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Figure 2

Structures of NLRP3. (#) Ribbon diagram of PYD-deleted NLRP3, showing the NACHT and LRR domains. The dashed red
rectangle indicates locations for ADP and inhibitors. (5) Two examples of the active site of NLRP3 bound to ADP and inhibitors
(shown as a surface diagram), illustrating the two adjacent pockets for them. (¢) Ribbon diagram of the NLRP3 PYD. (d) Ribbon
diagram of the structure of full-length mouse NLRP3 dodecamer. (¢) Ribbon diagram of the structure of full-length human NLRP3
decamer. Abbreviations: HD1, helical domain 1; LRR, leucine-rich repeat; NBD, nucleotide-binding domain; PDB, Protein Data Bank;
PYD, pyrin domain; WHD, winged helix domain.

of NLRP3 PYD are further described in the section titled PYD-PYD Interactions in the NLRP3
Inflammasome.

NLRP3 OLIGOMERIZATION

Because PYD-deleted NLRP3 used to determine the structure of the NLRP3-NEK7 complex
(20) was engineered to be monomeric, to understand NLRP3 in its natural form, the field turned
to the full-length NLRP3 protein. Mouse NLRP3s expressed in mammalian cells, without added
nucleotides, with the presence of ADP and MCC950, or with dATP (which can be hydrolyzed to
dADP), all revealed large oligomeric structures (48) (Figure 2d). NLRP3 particles treated with
ADP and MCC950 gave rise to six-, seven-, and eightfold double-ring cage structures of 200 A to
250 A, each containing 12, 14, and 16 monomers, respectively, while those treated with dATP were
more homogeneously 12-mers and reached the best resolution in the 3D reconstruction (48). The
structure of the dodecamer is further supported by a subsequent independent study on full-length
mouse NLRP3 (50).

Opverall, the two-layer ring-shaped dodecamer, as well as the 14- and 16-mers, looks like a
cage or barrel due to the overall circular outline and the hollowness in the center. The dodecamer
is formed by 12 monomers following a D6 symmetry, in which the top and bottom surfaces as
shown are occupied by 6 NACHT domains that are in inactive conformations and insufficiently
close to interact with each other. Importantly, 12 LRR domains encircle the dodecamer, form
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its lateral side, and contribute the most to its formation (48, 50). Face-to-face and back-to-back
interfaces are formed between neighboring LRR domains from the two rings, in which the LRR
domains bind to each other using their concave and convex sides, respectively (48, 50). Residues
at these interfaces are critical for the cage formation shown by mutagenesis. The oligomerization
of full-length human NLRP3 has also been studied using cryo-EM, and a smaller decameric
cage (Figure 2e), similar otherwise to the cage structures from mouse NLRP3, was solved in the
presence of ADP and MCC950 (49). Even though the exact oligomeric state varies with species
and bound nucleotides, the structural consistency among NLRP3 oligomers is the double-ring
organization with each ring possessing 5-8 NLRP3 molecules (48-50).

However, PYDs were not clearly visible in either map of the mouse NLRP3 dodecamer (48,
50). Only weak densities were found in the cage near the center of its top and bottom, presumably
representing the PYDs that are flexibly linked in its filamentous form but trapped inside the cavity
(48, 50). In support of this assessment, a purified NLRP3 cage sample was not able to nucleate
ASC PYDs to form a filament (48). For the human NLRP3 decamer, additional weak densities
were also found in the cage, which researchers fitted with a PYD dimer (49). PYDs were shown to
play an important role in forming the dodecamer, since PYD deletion compromised cage assembly
(48, 50).

Interestingly, purified mouse NLRP3 cage assemblies exhibited membrane binding capability
through an affinity to phosphoinositides, and overexpressed mouse NLRP3 was found mostly in
the membrane fraction upon cell lysis (48, 50). In addition, endogenous mouse NLRP3 from im-
mortalized bone marrow—derived macrophages was also enriched in the membrane fraction and
shown to contain oligomers of similar sizes to purified NLRP3 assemblies, suggesting that the cage
structure is a resting state of NLRP3 in cells (48). Importantly, mouse NLRP3 oligomerization on
the membrane is a critical step for #rans-Golgi network dispersion upon NLRP3 stimulation (48), a
critical early step in NLRP3 activation (61). These findings also echo previous reports that NLRP3
resides on membranes of various intracellular organelles, including the endoplasmic reticulum,
mitochondria, and Golgi apparatus, and is further transported to the microtubule-organizing
center where NEK?7 is localized (18, 61-70).

While the PYD was shown to be important for cage formation of full-length NLRP3, a recent
cryo-EM study of PYD-deleted human NLRP3 with ADP and MCC950 added to stabilize the
inactive conformation revealed a spherical hexameric oligomer composed of two layers of trimers
(50). This assembly used a similar back-to-back interaction between the LRR domains in the
two layers but also contained a head-to-tail interaction of the LRR C terminus of one NLRP3
monomer with the NBD and WHD of the neighboring monomer within the layer (50). It remains
to be determined whether the hexamer can also be formed with full-length NLRP3 and what
functional role it might play.

STRUCTURAL MECHANISM FOR NEK7-LICENSED
NLRP3 ACTIVATION

Human NEK?7 is a small serine/threonine kinase that not only plays a prerequisite role in mitosis
but is also required for NLRP3 activation (18-20, 71-76). Just like other NEKs, NEK?7 contains a
smaller 5 B-stranded N lobe and a larger, primarily a-helical C lobe joined by a flexible hinge (71,
77, 78). In the cryo-EM structure of the NLRP3-NEK7 complex, the density for the NEK7 C
lobe was found, whereas the density for the NEK7 N lobe was not visible. When the full-length
NEK?7 structure is overlaid on the NLRP3-NEK7 map, with the C lobe nicely fitted, the N lobe
does not sterically interfere with the complex, indicating that the NEK7 N lobe presumably does
not participate in the NLRP3 interaction (20).
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Figure 3

The NLRP3-NEK7 complex. (#) Ribbon diagram of the structure of NLRP3 in complex with the NEK?7

C lobe viewed from two directions. The structure is colored by domain. () Superposition of the
NLRP3-NEK?7 complex (b/ue) with two monomers in an NLRP3 cage (red), showing that these two
interactions compete with each other. (¢) The position of NEK9 (pink) while interacting with NEK7 shows
its competition with NLRP3 for NEK7, indicating that it is unlikely that NEK7-licensed NLRP3 activation
and NEK9-induced NEK?7 activation in mitosis will occur simultaneously. Abbreviations: HD1, helical
domain 1; LRR, leucine-rich repeat; NBD, nucleotide-binding domain; NEK7, NIMA-related kinase 7;
PDB, Protein Data Bank; WHD, winged helix domain.

The density of the NEK7 C lobe is encircled by the NLRP3 LRR domain, with its first half
interacting with the LRR and its second half interacting with the NBD and HD2 in NACHT (20)
(Figure 3a). The isoelectric points of NLRP3 and the NEK7 C lobe are 6.2 and 9.0, respectively,
suggesting that the interactions between the two are largely based on electrostatic complemen-
tarity. Importantly, according to mutagenesis studies, only the LRR and HD2, but not the NBD,
have crucial contributions in the NLRP3-NEK?7 binding interface (20). Nevertheless, the signifi-
cance of the NBD in NLRP3 activation should not be ignored, given that the NBD contains more
disease-related mutations compared to other subdomains in NACHT,; these mutated residues, in-
volved in ATP binding or catalysis or simply buried inside their own domains, may destabilize the
inactive conformation of NLRP3 to trigger downstream immune activities (20, 79).

While NLRP3 can both self-associate and interact with NEK7, since the concave side of
the NLRP3 LRR domain acts as a binding site not only for NEK7 but also for NLRP3 self-
assembly in the cage structures, NEK?7 interaction is mutually exclusive with cage formation, due
to steric clash (48, 50) (Figure 35). Indeed, when given access to NEK7, purified NLRP3 cages
decreased in amount and smaller NLRP3 species appeared, suggesting that NEK7 competes with
the NLRP3—NLRP3 binding sites to disrupt the double-ring cages, which should occur when
NLRP3 is transported to the microtubule-organizing center and colocalized with NEK7 (48).
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The involvement of NEK7 in NLRP3 inflammasome biology has additional implications. The
first half of the NEK7 C lobe not only participates in binding to NLRP3 but also is involved in the
interaction with NEK9 during mitosis (80). Since the binding site on NEK?7 is partially shared
between NLRP3 and NEKD9, it is likely that when the amount of NEK?7 is restricted, NLRP3
activation and mitosis negatively regulate each other (20, 21, 80) (Figure 3c).

THE ACTIVE NLRP3 INFLAMMASOME DISK

Even though much information has been gained from inactive-state NLRP3 structures, the
active-state conformation and assembly of NLRP3 were only predicted based on the known
active NLRC4 structure (20, 55, 56), until now. The new active NLRP3 inflammasome disk
(Figure 4a,b) finally revealed its conformational change, nucleotide exchange, and mode of
assembly (57).

Xiao et al. (57) reconstituted the active NLRP3 inflammasome with three major components,
NLRP3, NEK7, and ASC, in which NEK7 binds to the LRR domain of NLRP3 and ASC stabi-
lizes the inflammasome assembly by forming a PYD-PYD filament with NLRP3. The filament is
observed as long threadlike tails under negative staining electron microscopy, and the cryo-EM
structure of the filament is similar to those in previously published studies (26, 49, 81), which are
covered in the next section, titted PYD-PYD Interactions in the NLRP3 Inflammasome. Impor-
tantly, this active conformation is locked by an ATP analog, adenosine 5'-O-(3-thio) triphosphate
(ATPyS), which mimics the ATP and binds to NACHT of NLRP3 (57) (Figure 4d.e).

Cryo-EM reconstruction resulted in two flower-shaped disks that comprise 10 subunits and 11
subunits, respectively, of the NLRP3-NEK7-ASC complex, and some partial disks that comprise
mainly 5 subunits. The PYD filaments formed between NLRP3 and ASC are observed only in
full disks, not partial disks, suggesting only full disks are able to recruit ASC effectively. The 10-
subunit disk, with a diameter of about 320 10%, has been used for further analysis (Figure 4a.b).
The NLRP3 NACHT domain interacts in the center of the disk, with mainly NBD, WHD, and
HD?2 on one side and FISNA and HD1 on the other side. NEK7-bound NLRP3 LRR is located
away from the center (Figure 44,b), indicating that neither NLRP3 LRR nor NEK?7 directly
participates in the disk assembly. Indeed, instead of contributing to interactions among NLRP3
protomers, NEK7 may play a role in breaking the inactive NLRP3 cage (57).

Dramatic conformational changes are found when NLRP3 turns from inactive to active. The
WHD-HD2-LRR region undergoes a rigid body rotation of about 85.4° while superimposing
the FISNA-NBD-HDI1 regions of the active and inactive NLRP3 (Figure 4¢). In particular, the
FISNA region has very important roles in disk assembly. FISNA not only participates in ATPyS
binding (Figure 4d.e) but also engages in the interactions between NLRP3 molecules in the disk
(Figure 4a,b). Specifically, as a region partially disordered in inactive NLRP3, FISNA becomes
tully ordered in active NLRP3. The ordered loop 1 and loop 2 of FISNA, together with HD1 and
a B-hairpin loop of WHD, bridge and stabilize two neighboring NLRP3s in the disk (57).

Based on the active NLRP3 disk and the inactive NLRP3 structures, including the oligomeric
cages (48-50) and NLRP3 in complex with NEK7 (20) discussed in the previous two sections,
Xiao et al. (57) proposed that the NLRP3 inflammasome pathway might contain the following
steps: priming and upregulation of NLRP3 expression, NLRP3 oligomeric cage formation in the
trans-Golgi network, trans-Golgi network dispersion and vesicle trafficking to the microtubule-
organizing center, NLRP3 cage opening by NEK7 binding, and active NLRP3 disk assembly
(Figure 4f). The last two steps indicate a possibility that the full disk is formed by two half-rings
of the NLRP3 cage that rearrange after cage dissociation (57). The subsequent steps include the
nucleation and filament formation of NLRP3 PYD in the center of the disk, which are followed
by ASC recruitment and formation of the hybrid PYD-PYD filament between NLRP3 and ASC.
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Figure 4

Details on the active NLRP3 inflammasome disk. NLRP3 molecules are colored based on domains. (#) Surface view of the active
NLRP3 inflammasome disk viewed from bottom and side, with the nucleated PYD-PYD filament formed by NLRP3 PYD (dark green)
and ASC PYD (light purple) in the center of the disk (PDB: 8EJ4). (#) Ribbon diagram of the active NLRP3 inflammasome disk viewed
from the top (PDB: 8EJ4). (¢) Ribbon diagram showing the rigid body rotation of NLRP3 turning from inactive (grzy) (PDB: 6NPY) to
active (PDB: 8EJ4). (d) Ribbon diagram of NLRP3 showing only NACHT and LRR domains with the bounded ATP analog, ATPyS
(shown as surface view) (PDB: 8EJ4). (¢) A zoomed-in view of the active site of NLRP3 bound to ATPyS (shown as surface view) (PDB:
8EJ4). (f) A proposed NLRP3 activation model based on structures. Abbreviations: ASC, apoptosis-associated speck-like protein
containing a caspase recruitment domain; ATPyS, adenosine 5'-O-(3-thio) triphosphate; FISNA, fish-specific NACHT-associated
domain; HD1, helical domain 1; LRR, leucine-rich repeat; MTOC, microtubule-organizing center; NBD, nucleotide-binding domain;
NEK7, NIMA-related kinase 7; PDB, Protein Data Bank; PYD, pyrin domain; WHD, winged helix domain. Structural illustrations in
panels z—e are based on data from Reference 57. Panel fadapted from Reference 57.

PYD-PYD INTERACTIONS IN THE NLRP3 INFLAMMASOME

The adaptor protein ASC has an N-terminal PYD and a C-terminal CARD and bridges
NLRP3 to caspase-1. Upon NLRP3 stimulation, full-length endogenous ASC molecules inter-
act with NLRP3 through PYD-PYD interactions (6, 11, 26-28), and with caspase-1 through
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CARD-CARD interactions (6, 11, 31, 32), to form speck-like aggregates (82, 83). The ASC
specks presumably contain cross-linked PYD and CARD filaments, as ASC-PYD-only and
ASC-CARD-only fragments form long filaments in cells (84), which suggests the polymerization
property of the ASC protein (26, 83, 85). Specifically, PYD-PYD and CARD-CARD interactions
are two types of homotypic interactions undergoing nucleation-polymerization that are involved
in the signaling and formation of the NLRP3 inflammasome (26).

PYDs constitute a family of domains in the DD superfamily whose members share a six-helix
bundle structure and form homotypic interactions for inflammatory signaling (59, 60, 85, 86).
The PYD structures of NLRP3 and ASC are highly similar, each composed of six antiparallel
helices (a1-a6), among which al, a2, and a4—a6 are closely packed together to form a central
hydrophobic core, whereas a3 is often shorter and more external (26, 28, 60, 87) (Figure 2c).
Even though NLRP3 and ASC PYDs share overall structural similarities with other PYDs, such
as those of NLRP1, NLRP7, and NLRP10, the a2-a3 loop, which undergoes conformational
change in filament formation (see below), is the most divergent.

The first PYD filament structure was revealed from the cryo-EM structure of the ASC PYD
filament (26), and the recently reported structure of the NLRP3 filament has a similar structural
architecture (81) (Figure 54,b). The ASC PYD filament structure shows a three-start helical as-
sembly following a C3 point group symmetry with the subunits packed to each other spirally as
helical strands that contain a right-handed rotation of ~53° and an axial rise of ~14 A per subunit.
The overall shape of the filament is cylindrical, with an outer diameter of ~90 A and an inner di-
ameter of ~20 A that defines the central hollow channel (26). Filament formation is contributed
by strong charge complementarity, suggested by the highly positive and highly negative opposing
sides at the cross section of the filament (26). Even though the NLRP3 PYD has limited sequence
identity to the ASC PYD, its helical symmetry in rotation and axial rise per subunit are almost the
same, as well as the charge complementarity in the assembly of the filament (81).

PYD filaments are polar filaments in that they polymerize unidirectionally due to the require-
ment for conformational change during filament formation. For the ASC PYD, conformational
differences between the NMR (nuclear magnetic resonance) structure of the ASC PYD in solution
(28) and the cryo-EM structure of the ASC PYD in the filament have been observed, especially
at the a2-a3 loop that participates in the typical asymmetric interactions in the filament, types I,
IL, and IIT (26, 85, 86) (Figure Sc¢). Type I interactions are formed by al and a4 residues of one
subunit and a2 and o3 residues on the neighboring intrastrand subunit; type II interactions are
formed by a4-a5 corner residues of one subunit and a5-a6 corner residues of the neighboring
interstrand subunit; and type III interactions are formed by a2-a3 corner residues of one subunit
and al-a2 corner residues of the neighboring interstrand subunit (26, 85, 86).

It has been modeled that oligomerized NLRP3 PYDs nucleate ASC PYD filament formation,
and experimentally, activated NLRP3 induces ASC to become filamentous (26, 81) (Figure 5d).
The similarities in architecture and charge distribution of the filaments explain how ASC PYD
subunits could be recruited to an NLRP3 PYD filament and elongate to form the connected ASC
PYD filament. In the NLRP3 inflammasome, it is likely that the nucleated ASC PYD filament
gathers ASC CARD:s to provide a platform for recruiting the effector caspase-1 through CARD-
CARD interactions (26).

CARD-CARD INTERACTIONS AND CASPASE ACTIVATION

Like PYDs, CARDs also belong to the DD superfamily, and the ASC CARD and caspase-1 CARD
both exhibit a six-helix bundle structure, as revealed from crystal and NMR structures of the
individual subunits and cryo-EM structures of the corresponding filaments (28, 31, 32, 88-91).
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Figure 5

PYD-PYD and CARD-CARD interactions. (#) Surface diagram of the NLRP3 PYD filament, colored in three shades of green, for
each of the three helical strands. (») Surface diagram of the ASC PYD filament, colored in three shades of blue, for each of the three
helical strands. The red outline encloses three ASC PYD subunits. (¢) Enlarged view of the enclosed ASC PYD subunits in panel 4,
showing locations of type I, II, and III interactions (red leader lines) and the highly variable a2-a3 loop (red arrowheads). (d) Schematic
organization of the NLRP3 PYD—ASC PYD helical filament in which NLRP3 (green) nucleates PYD to form an ASC filament (b/ue).
The vertical arrow indicates the direction of filament polymerization, and the red lines indicate the locations of type I, II, and III
interactions. (¢) Surface diagram of the ASC CARD filament, colored in different shades of pink along the helix. The red outline
encloses three ASC CARD subunits. (f) Surface diagram of the caspase-1 CARD filament, colored in different shades of orange along
the helix. (g) Enlarged view of the enclosed ASC CARD subunits in panel ¢, showing locations of type I, II, and III interactions (red
leader lines). (h) Schematic organization of the ASC CARD—caspase-1 CARD helical filament in which ASC (pink) nucleates caspase-1
to form a filament (o7ange). The vertical arrow indicates the direction of filament polymerization, and the red lines indicate the locations
of type I, II, and IIT interactions. Abbreviations: ASC, apoptosis-associated speck-like protein containing a caspase recruitment domain;
CARD, C-terminal caspase recruitment domain; PDB, Protein Data Bank; PYD, pyrin domain.

The cryo-EM structures of the caspase-1 CARD filament (31) and the ASC CARD filament (31,
32, 88, 89, 91) display an overall cylindrical shape with a central hole that is similar to that of
the ASC PYD filament (26), with an outer diameter of ~80 A and an inner diameter of less than
10A (Figure Se,f). However, unlike the PYD filaments described above, the caspase-1 and ASC
CARD filaments have a left-handed, one-start helical symmetry with an approximately —100°
rotation and 5 A in rise per subunit. As learned from PYD filament structures, three interaction
types are also found. However, the type III interface is formed within the helical strand, whereas
type I and II interfaces are formed between subunits on different strands and contribute more to
filament formation; the type I interface is the most extensive type among the three (Figure 5g).
One of the two sides of a cross section of the caspase-1 CARD and the ASC CARD filaments is
highly negative and the other highly positive, suggesting that charge complementarity is essential
for the formation of these filaments (31, 32).
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It is further suggested that the caspase-1 CARD filaments are nucleated and assembled unidi-
rectionally and hierarchically by the upper-stream ASC CARD filaments (Figure 5b), mediating
the heterooligomeric CARD-CARD interactions through charge and shape complementarity
(31, 32, 91). This direct recruitment of the caspase-1 CARD by the ASC CARD was further
demonstrated in an engineered fusion construct of the ASC CARD and caspase-1 CARD, which
revealed an octameric CARD filament with four ASC CARD molecules and four caspase-1 CARD
molecules (91). Once recruited through CARD-CARD interactions, caspase-1 catalytic domains
dimerize to become activated, as previously reported, and then proteolytically mediate GSDMD
activation and cytokine maturation (29, 30, 33, 34, 92).

The different autoprocessed forms of caspase-1 exhibit differential activities toward cell death
and cytokine maturation (Figure 1c). The full-length caspase-1 dimers, also called p46, effi-
ciently process GSDMD, leading to the formation of large transmembrane B-barrel pores by the
GSDMD N-terminal fragment to drive pyroptosis (6, 11, 29, 33, 34, 39-45, 47). When the linker
between p20 and p10 within the catalytic domain is autoprocessed, the resulting p33/p10 caspase-
1 contains full catalytic functions to process more substrates other than GSDMD, including many
proinflammatory cytokines like IL-1p and IL-18, as earlier studies revealed (6, 29, 30, 35-38, 46).
The matured cytokines leave the cell through GSDMD pores (40, 42, 44, 45, 93, 94). Upon the
subsequent autocleavage at the CARD domain linker, the resulting p20/p10 caspase-1 is released
from the inflammasome complex, becomes unstable in cells, and loses protease activity (29).

CONCLUSIONS: DIVERSE MECHANISMS FOR DIVERSE
NLR PROTEINS

As a perturbation sensor for cell membrane damage, the NLRP3 inflammasome has attracted
much attention in recent years for its broad biology in signaling, inflammation, and cell death; its
association with congenital and acquired human diseases; and its potential as a therapeutic target.
Structural discoveries on the NLRP3 inflammasome have provided critical insights on how pro-
teins in the supramolecular complex cooperate with each other to assemble and activate caspase-1.
Together with light microscopy and other cell biological studies, these structural insights have im-
plicated a complex NLRP3 activation mechanism that requires extensive intracellular trafficking,
in addition to the protein-protein interactions that dictate the assembly. NLRP3 belongs to the
NLR family of proteins, many of which assemble inflammasomes.

The studies on NLRP3 reviewed here contrast mechanisms revealed by other NLR inflamma-
somes. The NLRP1 inflammasome, for example, senses unusual intracellular protease or ubiquitin
ligase activity from pathogens or intrinsic stress and becomes activated through regulated prote-
olysis of the N-terminal region of NLRP1 to release the active C-terminal region for filament
formation, ASC recruitment, and caspase-1 activation (88, 91, 94, 95). Other NLR inflamma-
somes, the NLRP6 inflammasomes involved in host defense in the gut and the liver, were shown
to interact directly with dsRINA (a PAMP) to form liquid-liquid phase separation, which in turn
raised the local concentration of NLRP6 to recruit ASC and caspase-1 (96). Thus, while these
NLR inflammasomes converge to the same outcome of caspase-1 activation, they achieve the out-
come using diverse mechanisms, illustrating how structures serve their functions. Future studies
may reveal further unexpected structure and biology for the family of NLR inflammasomes.
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