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STRUCTURAL BIOLOGY

Directionality of PYD filament growth determined
by the transition of NLRP3 nucleation seeds to

ASC elongation
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Inflammasomes sense intrinsic and extrinsic danger signals to trigger inflammatory responses and pyroptotic cell
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death. Homotypic pyrin domain (PYD) interactions of inflammasome forming nucleotide-binding oligomerization
domain (NOD)-like receptors with the adaptor protein ASC (apoptosis-associated speck-like protein containing a
CARD) mediate oligomerization into filamentous assemblies. We describe the cryo-electron microscopy (cryo-
EM) structure of the human NLRP3"'? filament and identify a pattern of highly polar interface residues that form
the homomeric interactions leading to characteristic filament ends designated as A- and B-ends. Coupling a titration
polymerization assay to cryo-EM, we demonstrate that ASC adaptor protein elongation on NLRP3PYP hucleation
seeds is unidirectional, associating exclusively to the B-end of the filament. Notably, NLRP3 and ASC PYD filaments
exhibit the same symmetry in rotation and axial rise per subunit, allowing a continuous transition between NLRP3
and ASC. Integrating the directionality of filament growth, we present a molecular model of the ASC speck con-

sisting of active NLRP3, ASC, and Caspase-1 proteins.

INTRODUCTION

Innate immune cells are able to recognize invading pathogens or
cellular damage by germline-encoded pattern recognition receptors (1).
Among these, the absent in melanoma 2 (AIM2)-like receptors
(ALRs) and nucleotide-binding oligomerization domain-like receptors
(NLRs) form supramolecular complexes termed inflammasomes,
which regulate the activation of highly proinflammatory cytokines
and pyroptotic cell death (2). These large cytosolic assemblies con-
sist of sensor, adaptor, and effector proteins and form within minutes
after recognizing their specific triggers (3, 4).

Canonical inflammasome formation starts with the activation-
induced oligomerization of ALR or NLR sensor proteins that, in turn,
recruit pro—Caspase-1, either by direct homotypic protein domain
interactions or via the adaptor protein ASC (apoptosis-associated
speck-like protein containing a CARD). Proximity-induced auto-
proteolytic cleavage yields active Caspase-1 that mediates activation
and release of highly proinflammatory cytokines of the interleukin-1
(IL-1) family and triggers a proinflammatory form of cell death
called pyroptosis (5, 6). NLRP3 (NACHT, LRR and PYD domain-
containing protein 3) is the best-studied inflammasome protein to
date as it is involved in the recognition of a plethora of different
activating ligands encountered during bacterial, viral, or fungal in-
fections, as well as in sterile inflammation (4). While, during pathogen
encounter, NLRP3 activation may be a beneficial event of the innate
immune response, it confers detrimental effects during sterile inflam-
mation, manifesting in autoinflammatory diseases such as athero-
sclerosis, gout, and Alzheimer’s disease (7-10). Moreover, several
mutations in the NLRP3 gene that induce the undue activation of
the NLRP3 inflammasome were linked to a group of rare, inherited,
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autoinflammatory diseases, which are summarized as cryopyrin-
associated periodic syndromes (CAPS) (11).

NLRP3 inflammasome formation is thought to be a two-step
process. In the first priming event, NLRP3 expression is up-regulated
via nuclear factor kB-dependent signaling (12). At this stage, NLRP3
is present in an autoinhibited but signaling-competent conforma-
tional state. The engagement of an activating signal then initiates the
second step of NLRP3 inflammasome formation (4). Activation-
driven conformational changes allow for the oligomerization of NLRP3
with the participation of its central NACHT domain and the N-terminal
pyrin domain (PYD). Oligomerized NLRP3 recruits the bipartite
adaptor protein ASC through homotypic PYD-PYD domain inter-
actions, serving as a nucleation platform for the formation of fila-
mentous ASC assemblies (13, 14).These prion-like structures then
cluster into large ASC specks that trigger Caspase-1 activation (15-17).
Caspase recruitment domain (CARD) interactions mediate this
assembly that bundles multiple ASC filaments into a large conglomer-
ate called ASC speck and also perform heteromeric interactions be-
tween the ASC and the Caspase-1 CARDs (18). This self-propagating
process based on a cascade of ordered interactions allows for a robust
signal amplification mechanism (18, 19).

To date, two ASC-dependent inflammasome sensors, namely,
AIM2 and NLRP6, have been shown to form PYD filaments that
can nucleate ASC polymerization in vitro and in cells (20, 21). For
NLRP3, previous in vitro studies suggested the need for the NACHT
domain for successful ASC polymerization (13), while the PYD
alone was sufficient to induce ASC speck formation in human
embryonic kidney (HEK) 293T cells (22, 23). A filament structure
of the PYD of the adaptor protein ASC has been determined pre-
viously (13, 14), and a model for ASC filament formation with the
CARD domain serving as a signal amplification hub for inflammasome
assembly has been proposed (18). However, the critical step neces-
sary for inflammasome signal transduction, the PYD filament inter-
action between the inflammasome sensor and the adaptor ASC,
remains poorly understood.
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In this study, we determined the cr\;ro—electron microscopy (cryo-EM)
structure of the human NLRP3"'P filament at 3.6-A resolution,
identifying the same symmetry in rotation and axial rise per subunit
compared to the ASC YD filament (13). Each NLRP3"YP subunit is
arranged in a hexagon-like assembly, creating three asymmetric
interfaces that interact with six adjacent PYDs. The complementary
interfaces form unique surfaces at the filament ends, designated as
A- and B-ends. We developed an in vitro filament reconstitution
assay that allows for the homotypic transition from an NLRP3"Y"
nucleation seed to ASC filament elongation. Using cryo-EM, we find
that filament transition is unidirectional and exclusively occurs at the
B-end of the NLRP3™ filament. This defines the filament g}{owth
direction of ASC adaptor elongation, the assembly of ASC“**P do-
mains into filament bundles for ASC specking, and the interactions
with pro-Caspase-1 for its activation by autoproteolysis. Our ob-
servations reveal the dynamics of homotypic filament formation and
have implications for the possible interference by antibodies or small
molecules at the filament growing site.

RESULTS

Polymerization of recombinant NLRP
structure determination

For structural analyses, human NLRP was purified with a tobacco
etch virus (TEV) cleavable N-terminal glutathione S-transferase
(GST) tag from Escherichia coli cells. The PYD filament formation
was induced by removin\g the affinity tag, followed by incubation of
the gel-filtered NLRP3"*P protein at 37°C, which resulted in long
and straight individual filaments suitable for cryo-EM structure de-
termination (Fig. 1A and fig. S1, A and B). Micrographs were recorded
with a Titan Krios transmission electron microscope (TEM), equipped
with a Falcon2 camera. Three-dimensional (3D) refinement, using
the helical parameters of the ASC™*® filament [Protein Data Bank
(PDB): 3J63] (13) as a starting point, yielded an electron density map
with a resolution of 3.6 A (fig. S1, C to E). Rigid body fitting of the
NLRp3"YP crystal structure (3QF2) (24) into the cryo-EM map was
followed by real-space refinement to achieve the final NLRP3"*P
filament structure (Fig. 1B). The final model encompasses residues
3 to 94, exhibiting a root mean square deviation value of 0.54 A with
the crystal structure of NLRP3"*" (Fig. 1C). Within the six-helical
bundle of the PYD (helices a1 to 06), only slight deviations between
the filament and the globular structure are seen in the region at the
end of helix a3 and the beginning of helix a4, whereas the overall
arrangement is well preserved (fig. S2).

37'P and cryo-EM

3PYD

Architecture and interfaces of the NLRP3"' filament

The NLRP3" filament is a cylindrical, hollow structure with an
outer and inner diameter of ~85 and ~15 A, respectively (Fig. 1, D and E).
It displays a three-start helical symmetry of 54.9° right-handed rotation
and an axial rise of 14.3 A per subunit. The filament assembles as a
triplicate by the C,(3) helical symmetry. As for other death domain
folds (25), the NLRP3"'® filament is composed of three major asym-
metric interfaces, designated as type I, II, and I1I interfaces, with the
opposing interacting surfaces named as a and b. In the NLRP3"Y?
filament, interface I is the largest in size, burying about 1020 A* of
surface area (a- and b-sides together) on one PYD molecule. This
interface, which is also the most dominant, is composed of polar
residues that appear mostly conserved within the PYD family (26).
The type II and III interfaces are more variable and bury about 430- and
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500-A? surface areas in the NLRP3"'® filament. Because of the three-
start helical symmetry, the type I interface mediates intrastrand in-
teractions, whereas the type II and III interfaces mediate interstrand
interactions (Fig. 1D). All three interfaces are constituted through
electrostatic, polar, and hydrophobic interactions.

Interface I is mediated by interactions between residues of the a1
and o4 helices of one chain and residues of the a2 and a3 helices of
the neighboring chain (Fig. 1F). Within a distance of 4 A, there is a
remarkable high number of eight salt bridges, involving each four
charged residues on both interface sites, as well as five hydrogen bonds
constituting this interface. Here, the guanidinium group of Arg’ is
most prominent, forming tight electrostatic interactions with the
side chains of Glu® and Asp”". Interface II is mediated by inter-
actions of 04 residues of one chain with the a5-a6 loop of a neigh-
boring strand chain (Fig. 1F). However, only one hydrogen bond at
a 3.1-A distance is formed between the backbone carbonyl group of
Asp® and the backbone amine of Arg®'. Last, interactions between
helix 03 of one chain and the loop of helices a1 and 02 of the neigh-
boring strand chain form the type III interface (Fig. 1F). Two salt
bridges between Arg"® and Glu'® and three hydrogen bonds consti-
tute the binding, besides many hydrophobic interactions. Unexpectedly,
with 430 A2, the buried surface area of interface II appears smaller
than the concealed surface area of interface IIT with 500 A? in the
NLRP3"" filament structure. This is in marked difference to the
ASCP'P filament, where interfaces I and III each bury 540 and 360 A”
of surface area, respectively (13). Moreover, interactions between three
subunits within the filament at the interface tips appear characteristic
for the NLRP3"'" assembly, as multiple residues undergo interactions
with more than one interface.

Tripartite interactions at the interface tips

The hexagonal assembly in the filament structure where every PYD
molecule is surrounded by six other PYD molecules contains two
unique corner sites. There is one remarkable charged interface at
the joints of three molecules that appears unique to the NLRP3"*
filament. This interface involves three arginines in a staggered
arrangement from three different interface sites, with Arg43ma from
one molecule occupying the central position, headed by Arg’;, from
a second molecule at one site and Argsonb from a third molecule at
the other site (Fig. 2A). The assembly of these three positively charged
residues is facilitated by the compensation with six negatively charged
residues in close vicinity to the arginines. A mixed salt bridge net-
work from three different molecules is mediated by Asp®’ry,, directly
facing Arg43ma and backed up by Glu'®m (Fig. 2B). Glu**y, and
Asp311b from one molecule are close to Arg71a from a second mole-
cule, and Argsonb is lastly interacting with Asplsmb and Aspszm, within
one molecule. The tripartite interaction in the filament assembly be-
tween Asp®, Arg®, and Glu18, however, from three different PYD
molecules is unique to NLRP3 within the known structures of
filament-forming PYDs of the inflammasome, as no other PYD
sequence contains this charge network (Fig. 2A).

The second unique corner in the hexagon assembly of the NLRP3
filament structure is less pronounced but similarly involves the tri-
partite formation of a hydrogen bond network. Here, residues from
five interface sites come together with Glu"®p in an exposed posi-
tion close to Lysz41b from a second molecule and GIn*j, from a third
molecule (Fig. 2C). Asn”’ppp, from the second molecule and hydro-
phobic interactions with Phe®'};, and Pro*y;, from the third molecule
complement these homotypic interactions at the tip of the three

PYD
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Fig. 1. Cryo-EM structure of the NLRP3"'® filament. (A) Representative cryo-EM micrograph of NLRP3PYP sample after incubation at 37°C overnight. Scale bar, 50 nm.
(B) Superposition of the NLRP3P'P filament model with the reconstructed electron density. (C) Close-up image of a single NLRP3"'® filament chain in the electron density
map and ribbon representation of the NLRP3”"P structure. (D) Surface representation of the side view of the NLRP3""P filament with a three-start helical symmetry. (E) Top
view of the NLRP3""® filament showing the three-start helical symmetry. (F) Detailed interactions in the type |, type I, and type Ill interfaces of the NLRP3"YC filament.
A schematic diagram of the hexagonal assembly of the NLRP3""® domain within the filament structure indicates the three asymmetric interfaces.

protein interfaces. The three types of asymmetric interfaces with the
opposing interaction sites a and b in the honeybee comb-like assembly
of PYD subunits assemble into one continuous surface at the two
ends of the filament (Fig. 2D). We therefore define these sites as the
A-end and B-end of the NLRP3""® filament, respectively (Fig. 2E).

Mutational analysis of interface forming residues

To study the impact of individual residues on the filament forma-
tion of NLRP3"*, we performed site-directed mutagenesis analy-
ses with recombinant proteins and in cells. Dynamic light scattering
(DLS) experiments and negative-stain EM images were recorded to
visualize filament formation. On the basis of the filament structure,
seven residues from five different interface sites were selected, and
the charge reversal mutations R7E, E15R, R43E, R80E, and R81E;

Hochheiser et al., Sci. Adv. 8, eabn7583 (2022) 13 May 2022

the double-mutation K23E/K24E; and the mutation M27E were
introduced. In addition, the four NLRP3*Y® CAPS mutants D21H,
D31V, H51R, and A77V were analyzed, which are known for their
phenotype in Muckle-Wells disease (27-29). First, the kinetic pro-
file of NLRP3"™® filament formation was monitored in a time course
experiment using DLS. At a protein concentration of 48 uM and a
temperature of 25°C, the saturation of the oligomerization process
was achieved in about 40 min, as revealed by the normalized §rowth
signal (Fig. 3A). The polymerization status of the NLRP3"" inter-
face and CAPS mutants was determined at a time point of 90 min
when the polymerization had reached a stable plateau (Fig. 3B). All
of the tested interface mutants lost their ability to oligomerize into
ordered polymers, but instead formed unspecific aggregates (Fig. 3C),
confirming the importance of each mutated residue for the homotypic
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Fig. 2. Sequence conservation and interface sides in the NLRP3"'? filament. (A) Structure-based sequence alignment of the four PYDs whose filament structures have
been determined. Interface-forming residues are highlighted and shown below the secondary structure elements of NLRP3"'P. Residues are colored according to the
respective interface sites as determined for the PYD filaments of NLRP3 (this study; 3 to 99), NLRP6 (6NCV; 14 to 104), AIM2 (6MB2; 1 to 94), and ASC (3J63; 1 to 91).
(B) Tripartite interactions at the tips of the interfaces. Positively and negatively charged residues of all six interface sites assemble to a highly polar interaction. (C) Close-up
image of the second unique interaction at the interface tips. (D) Schematic diagram of the hexagonal subunit assembly in the three-start helix and designation of the
interface sites. The a- and b-sides of the three asymmetric interfaces assemble at the filament's ends to characteristic surfaces, designated as A- and B-ends of the filament,
respectively. (E) Surface representation of the NLRP3”'® filament model with the interfaces at the top and bottom layers colored according to the scheme in (A). The a- and
b-sides merge at the filament ends to the A- and B-ends of the filament.

filament formation. In contrast, of the tested CAPS mutants, only  impossible. However, this phenotype was confirmed by negative-
the D31V variant lost the ability to polymerize, while the A77V mu-  stain EM analysis.

tant formed short but ordered filaments (Fig. 3, B and C). The dis- To test the implications of the interface mutants in a physiological
ease mutations D21H and H51R showed a strong polymerization  context, we performed ASC speck assays in HeLa cells. Here, full-
behavior, which made analysis by gel filtration and subsequent DLS  length, wild-type NLRP3-mCitrine, or wild-type or mutant NLRP3"Y"
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Fig. 3. Mutational analysis of NLRP3"'? interface residues. (A) NLRP3"'P polymerization in vitro monitored by DLS. Normalized intensity signals are recorded as a function

of time and are shown here for one representative experiment. (B) Polymerization status of NLRP3"Y? and mutants carrying additional interface and CAPS mutations monitored

by DLS after an incubation period of 1.5 hours at 25°C. Normalized intensity signals are reported for each variant (n = 3). Boxes show the median and span from the 25th to the
75th percentiles. Whiskers mark minimum and maximum values, respectively. (C) Negative-stain electron micrographs of recombinant NLRP3™P and interface-disrupting
mutants (top two lines) or CAPS mutants (bottom line). CAPS mutations D21H and H51R even increase PYD filament formation. Scale bars, 200 nm. (D) Quantification of HelLa
cells stably expressing ASC-mTurquoise transfected with full-length NLRP3-mCitrine, NLRP3"YP-mCitrine, or indicated NLRP3""® mutants, 12 and 32 hours after transfection.
Dots are representative of two (n =2+ SD; 12 hours) and five (n =5 £ SEM; 32 hours) independent experiments for the two different time points, respectively. (E) Images of
Hela cells stably expressing ASC-mTurquoise transfected with NLRP3-mCitrine fusion constructs as used in (D). Scale bars, 10 um. wt, wild type; kCnt, kilo-counts (kCounts).

with mCitrine C-terminally fused to the protein was transfected the percentage of cells that develop ASC specks was determined in
into HeLa cells stably expressing ASC-mTurquoise. Priming of ASC ~ dependence on the amount of transfected DNA and analyzed for
polymerization by a filament nucleation factor induces the ASC speck  two different time points (Fig. 3D). Images of the speck formation
formation that can be subsequently quantified (23). As a readout,  of full-length NLRP3 and NLRP3"*" wild-type and mutant protein
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are shown in Fig. 3E and fig. S3A. The NLRP3"*" protein stably
triggered ASC speck formation, albeit to a lesser extent than full-
length NLRP3. The mutants E15R, K23E/K24E, and M27E most
successfully abolished the ability of the NLRP3"*" to nucleate ASC
polymerization. The mutants D31V, R43E, R80E, and R81E also
impaired ASC speck formation, however, to a lesser extent, suggesting
only partial defectiveness. The ASC specking ability of the CAPS
mutant A77V was similar to the wild-type protein, whereas the CAPS
mutants D21H and H51R showed an even increased efficacy of
nucleating ASC, both as PYD-only and as full-length protein (Fig. 3D
and fig. S3B). As a control, mutant proteins D21A and H51A
behaved similar to the wild-type protein, while the charge reversal
mutant H51E showed reduced ASC speck formation (fig. S3B). The
CAPS mutation D31V instead completely abrogated the ability to
induce an ASC speck.

The transition of the NLRP3 to ASC

PYD filament is unidirectional

With the structure of the NLRP3""P filament determined, we aimed
at analyzing the transition to ASC adaptor protein elongation on a
molecular level. ASC polymerization is triggered by NLRP3 nucleation
seeds (13, 18), leading ultimately to the formation of large ASC specks.
These specks are thought to arise from a continuous transition of
NLRP3 and ASC PYD filaments and subsequent cross-linking of
ASCPYP stems via CARD-CARD domain interactions (18, 30).
Seeding of ASC filaments by NLRP3 in vitro was achieved by devel-
oping a golymerization protocol, where 50 ul of 50 uM monomeric
NLRP3"YP at pH 3.8 was rapidly neutralized by the addition of 1 ul
of 3 M tris buffer (pH 8) to initialize filament growth (Fig. 4A). After
3 min of incubation time at 25°C, monomeric, soluble ASC-mCherry
at 16 uM concentration (pH 3.8) was added at a 1:50 molar ratio of
ASC to NLRP3 and was incubated for 5 min. This step was repeated
twice to slowly raise the concentration of ASC and allow the elonga-
tion of the NLRP3" P-seeded ASC-mCherry filaments. To distin-
guish the two filament types, we used a 50-kDa ASC-mCherry fusion
protein that is fourfold larger than the 12-kDa NLRP3"'" protein
and, thus, appeared markedly thicker on the negative-stain micro-
graphs compared to the thinner NLRP3"*P filaments (Fig. 4B). Tran-
sitions of the NLRP3"*® nucleation seeds to ASC filament elongation
were observed in many instances (Fig. 4C). Following the gentle titra-
tion procedure that leads to a very dilute ASC concentration initially,
only a few cases of spontaneous ASC polymerization events were seen,
whereas, in approximately half of the cases, elongation of ASC on
NLRP3"YP filaments occurred. ASC filament growth was observed
only on one end of the NLRP3"*P filament, but never on both ends,
suggesting directionality in the transition from the NLRP3 to ASC
filament. Repeated titration of ASC-mCherry to the solution led to
longer ASC filament growth, indicating a preference for the elongation
of existing filaments compared to spontaneous de novo polymer-
ization of ASC alone (Fig. 4D). Notably, the thicker ASC-mCherry
filaments are always centered on the NLRP3""® seeds, indicating that
the transition is mediated by the N-terminal PYD of the ASC pro-
tein. The congruent helical symmetry between filaments assembled
by AIM2"Y" and the downstream adaptor ASC’*™ has been already
elegantly shown by the Egelman and Sohn laboratories (31, 32).

ASC elongates at the B-end of the NLRP3 PYD filament
To identify the site of elongation on the NLRP3"*P filament and the
directionality of ASC filament growth, we performed cryo-EM imaging,
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providing the resolution required for the determination of filament
directionality. The titration protocol for the domain transition was
adjusted to generate longer NLRP3"" filaments that allowed for
the analysis of straight filament stretches. In the cryo-EM micro-
graphs, ASC-mCherry filaments appear more diffuse than in the
negative-stain mode; nonetheless, they could be clearly identified
(Fig. 5A). Only NLRP3™" filaments merging into ASC-mCherry
filament transitions were selected and used for subsequent image
analysis. Average class sums calculated from 19,351 particles that
were selected from 423 micrographs unambiguously revealed a
sawtooth-shaped density, reflecting the directionality of the filaments.
A selection of average class sums showing this characteristic sawtooth
pattern is displayed in Fig. 5B. The electron density map of the fila-
ment confirms this silhouette, indicated by the black lines lining the
envelope (Fig. 5C). Superposition of our filament structure onto those
classes reveals the orientation of the filament in the average sums, as
the sawtooth-shaped density arises from the bending of the C-terminal
helix a6 of the PYD (Fig. 5D). Note that this characteristic pattern
must not necessarily be visible in the average class sums, as the pitch
of the PYD in the three-start helix leads to various projections within
the short sections used for object averaging.

For classes 29, 44, 47, and 48, a superposition was allowed to
unambiguously correlate the NLRP3"*? filament direction with the
given orientation of the class sums. This is shown as an example for
class 47, where the left and the right end could be assigned to the
A- and B-ends of the filament, respectively (Fig. 5E). To pin down
the directionality of the NLRP3"*® filament seen in the micrographs,
we first added a directionality flag into the class averages (white
triangles). We then extracted the rotation and translation informa-
tion for each of the underlying particles (figs. S4 and S5). We used
this information to superimpose the flagged class averages onto the
original micrographs. This procedure revealed that the white trian-
gles on the picked particles reassigned to the original micrographs
are always pointed toward the transition to the ASC filament (Fig. 5A).
Of eight average class sums combined in a total of 560 boxed fila-
ment sections, none pointed in the opposing direction (fig. $4D). From
these data analyses, we conclude that the transition from NLRP3"*P
filament seeds to ASC filament elongation exclusively occurs at the
B-end of the existing NLRP3""" filament and that the direction of
ASC filament growth is from the A- to the B-end.

Interactions in the NLRP3-ASC PYD transition interface

Knowing the ASC elongation site on NLRP3 nucleation seeds, we
set out to investigate the transition interface between these two
homotypic PYD filaments. Twelve subunits of NLRP3"*" and the
ASCP'P filament (13) were superimposed and aligned according to
the growth direction (Fig. 6A). As the filaments exhibit the same
rotational symmetry and axial rise, a continuous transition is facili-
tated. Using the GROMACS molecular dynamics package (33), we
optimized the binding interface between the B-end of the NLRP3"Y"
filament and the A-end of the ASC™*® filament elongation by energy
minimization of a fully hydrated protein complex. The interfaces fit
very well with complementary charge and hydrogen bond inter-
actions with no atomic clashes (Fig. 6, B to D). In total, 33 residues
constitute the hetero-PYD filament interface, of which 12 are iden-
tical and another 9 are similar in both ASC and NLRP3 domains
(Fig. 6C). Overall, the sequence homology between the ASC™" and
the NLRP3""? is unexpectedly low, with a sequence identity of 22%
and a similarity of 43%. Residues in interface I are particularly well
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(B) Negative-stain electron micrographs of NLRP3PYP (left) and ASC-mCherry filaments (right). Scale bars, 200 nm. (C) Elongation of ASC-mCherry filaments on NLRP3PYP
filament seeds after the first two titration steps. Several thin NLRP3"® filaments are seen out of which thicker ASC-mCherry filaments grow out. Note that, at the most,
one transition is seen from an NLRP3 to an ASC filament, suggesting a directionality of filament growth. Scale bar, 200 nm. (D) Elongation of the ASC-mCherry filament on
NLRP3"'P seeds after three titration steps. Increasing the ASC concentration induces ASC filaments to grow longer on the NLRP3™"® nucleation seeds. Scale bar, 200 nm.

conserved, whereas interface II residues on the b-side diverge markedly
between both PYDs.

The interactions within the heteromeric PYD assembly are visualized
for all three interface types in Fig. 6D. The entire buried surface area
in this transition segment comprises 930 A” for interface I followed
by 560 and 430 A? for interfaces IT and III, respectively. The increase
in interface II compared to the NLRP3"YP filament alone (430 A?)
results from the a-side residue Leu®" in ASC, which is a small glycine
in NLRP3, and an interaction of Arg®' in NLRP3 with residues Gly*
and Tyr*® of the 02-03 loop in ASC forming a hydrogen bond with
the Gly> carboxyl group (Fig. 6D). This interaction has no corre-
spondent in NLRP3 due to a different conformation and sequence
composition of this loop. A similar interaction is also not seen in the
ASC"™P filament, as the corresponding residue GIn’® does not reach
out as far as Arg® in NLRP3. The increase in interface area III com-
pared to the ASCPP filament alone (320 AZ), instead, results from
b-side residues Glu'® and Arg® in NLRP3, which correspond to small
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residues Thr'® and Leu’® in ASC. From the interface analysis, we did
not identify a unique restriction mechanism that would prohibit
elongation at the filament A-end of NLRP3 with the B-end of ASC.
Instead, we speculate that the kinetics of filament growth drives the
direction from the A-end to the B-end and, thus, determines the
elongation directionality. To create a model of the NLRP3"YP
nucleation seed to ASC adaptor transition, the NLRP3"'® filament
was elongated with 32 ASC"™® subunits, which each were overlaid
with a randomly selected nuclear magnetic resonance (NMR) model
of the full-length ASC protein (34). This model provides a first
glimpse on how the adaptor ASC could bridge from the NLRP3 in-
flammation sensor to the Caspase-1 pyroptosis effector (Fig. 6E).

DISCUSSION
The formation of an ASC speck is the hallmark of inflammasome
activation in immune cells and the signal that initiates pyroptotic
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Fig. 5. ASC exclusively elongates at the B-end of the NLRP3"'? filament.
(A) Representative cryo-EM micrograph of NLRP3P'? filament-to-ASC-mCherry
filament transitions. Long NLRP3"'P filaments were grown that allow for analysis of
straight segments. The direction of the transition site to ASC-mCherry is indicated
by small arrowheads in the boxes. Transition sites of NLRP3 to ASC filaments are
indicated by white arrows. (B) Average class sums of individual segment particles
for four representative classes. The direction toward the NLRP3-to-ASC PYD tran-
sition is indicated by small arrowheads. A sawtooth pattern at the edges and a
perforation pattern in the filament center are characteristic for some classes.
(C) Electron density map of the NLRP3"® filament with the characteristic sawtooth
pattern identifies the A- and B-ends of the filament. (D) Modeling of the filament
ribbon structure into the electron density map. (E) Overlay of the filament structure
of the average class sums identifies the directionality of the NLRP3-to-ASC PYD
filament transition. Shown for the average class 47 is the characteristic sawtooth
pattern, and the perforation identifies the B-end of the NLRP3 filament for the
elongation with ASC.

cell death. A cascade of sensor, adaptor, and effector protein inter-
actions transmits and amplifies the signal of danger- or pathogen-
induced triggers that ultimately leads to cytokine release as a
systemic inflammatory response (2, 3). The human NLRP3 protein
is one critical sensor of the innate immune system that induces ASC
speck formation upon activation. Here, we show that the PYD of
NLRP3 can assemble into helical filaments similarly as it has been
described for the AIM2, NLRP6, and ASC PYD filaments (13, 20, 21, 32).
The cryo-EM structure reveals the molecular assembly of the PYD
in the filament using asymmetric type I, II, and Il interfaces (Fig. 1).
This assembly is similar to other filament-forming PYDs, despite
the low sequence conservation of only 22% identity. In particular,
electrostatic interactions in the NLRP3""® as well as polar and hy-
drophobic contacts facilitate the assembly of individual PYDs into
the right-handed helical filament. We show at the protein level that the
NLRP3""P filament can act as a nucleation seed for ASC filament

Hochheiser et al., Sci. Adv. 8, eabn7583 (2022) 13 May 2022

elongation. This transition is exclusively mediated on one end of
the NLRP3"*P filament, which we defined as the “B-end” according
to the interface sites Ib, IIb, and IIIb that assemble to one surface
and form this filament end (Fig. 2). The directionality of the homo-
typic PYD filament transition determines the growth direction of
the ASC speck and sets the molecular basis for understanding these
micrometer-large signaling assemblies.

The contribution of individual residues of the NLRP to form
filaments was confirmed by site-directed mutagenesis with recom-
binant proteins and in cells. The charge reversal mutations intro-
duced at the interface sites each abrogated the ordered formation of
a filament (Fig. 3). However, some NLRP3™YP mutants such as E15R
or M27E still showed a strong tendency for aggregation, indicating
their ability for homomeric interactions, albeit in an uncoordinated
manner. The two CAPS mutants D21H and H51R appear of particular
interest, both showing a tendency for an increased filament poly-
merization activity compared to wild-type NLRP3"". This is seen
not only in negative-stain EM but also by their ability to nucleate
ASC in cells. It suggests that a well-coordinated PYD/PYD transi-
tion between the sensor and the adaptor molecule is critical for
optimal inflammasome function. Our studies provide a biochemical
basis of NLRP3 hyperactivity in patients carrying gain-of-function
mutations in the PYD domain of NLRP3. Asp®' is at the beginning
of helix 02 and not involved in any intermolecular salt bridge or hy-
drogen bond formation. The side chain is facing Asp® (interface IIa)
and GIn* (IIIa) of an adjacent molecule at 5.8 and 6.1 A distance,
respectively. The mutation to the larger histidine may enhance the
interaction to these two residues, forming additional hydrogen bonds
in these two interfaces (fig. S3C). His' instead contributes only a small
van der Waals interaction to interface Ia with a portion of 28 of
500 A” of buried surface area. Its exchange to a larger arginine could
form a new interaction network by reaching out with a hydrogen
bond to GIn* of the interface IIla from a neighboring subunit and
a salt bridge to Glu" of the same molecule (fig. $3D). AIM2, which
has an arginine at this position, contains instead a charge-repulsive
lysine at the position of GIn* and a smaller aspartate at the position
of Glu', prohibiting such interaction network. Our observation that
the ability of the NLRP3"*® to form filaments was actually enhanced
by the CAPS mutations D21H and H51R underlines how finely
balanced the interplay between autoinhibition and effector function
is in inflammasome regulation. Thus, the NLRP3"Y® does not seem
to be evolutionarily designed for the firmest filament formation but
may represent a compromise to the requirements of multiple
molecular states, including the homotypic transition to another
molecule as ASC™YP.

Regulation of inflammasome formation also occurs at the level
of posttranslational modifications (35). Phosphorylation of NLRP3
at Ser” was shown to prevent NLRP3"*" oligomerization in HEK293T
cells (23). The NLRP3"'P filament determined here shows that the
hydroxyl group of Ser” participates in the intrastrand interface type
I through hydrogen bonding with Asp®'. Introducing a bulky phos-
phorylation at Ser® containing a negative charge repulsive to Asp>'
is likely to disrupt the tight salt bridge and hydrogen bonding inter-
play of this interface (fig. S6A). Conversely, acetylation of NLRP3 at
residues Lys™ and Lys** was shown to trigger aging-associated chronic
inflammation through promoting NLRP3 inflammasome formation
(36). Residues Lys® and Lys* participate in type I interface interac-
tions in both the NLRP3"® filament and the modeled NLRP3"*" to
ASC transition. Acetylation of NLRP3 residues Lys> and Lys** disrupts

3 PYD
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Fig. 6. Transition of NLRP3"'? nucleation seeds to ASC’Y” filament elongation. (A) Cartoon of the filament transition from the nucleation seed NLRP!

3P0 o the elon-

gation adaptor ASCPYP. The transition interface of the heteromeric PYD interactions is indicated. (B) Electrostatic surface potential of the complementary filaments from
the ASCPYP A-end and the NLRP3""® B-end, displayed from —4 Boltzmann constant (kgT) (red) to +4 kgT (blue). (C) Sequence alignment of the ASC and NLRP3 PYDs with
the interface residues highlighted. Interacting residues from the a-side interfaces in ASC and the b-side interfaces in NLRP3 are colored as before. (D) Close-up images
of the interactions in the three interface types |, Il, and Il for the energy-minimized transition interface between the NLRP3PYP filament (light blue) and the ASCP'P filament
(green). Salt bridges (types | and Ill) and hydrogen bonds (type Il) are indicated by dashed lines. (E) Model of an ASC filament (green) elongating on the NLRP3"'® filament
nucleation seed (light blue). Whereas the PYD domain of ASC forms the filamentous stem structure, the CARD domain could adopt variable compositions at the surface

of the filament.

the salt bridges formed with ASC residues Asp® and Glu"?, respectively;
however, it establishes a new network of hydrogen bonds that might
facilitate increased ASC-to-NLRP’"® filament binding (fig. S6B).
The formation of filamentous structures in the cytosol is a very
rare and typically tightly controlled process in mammalian cells. The,
by far, best-characterized examples are the cytoskeleton structures
of actin and microtubules. These two structures are reversible and
highly regulated by numerous factors that control nucleation, elon-
gation, capping, severing, and cross-linking (37, 38). Moreover, both
are nucleotide-binding proteins, and their polymerization activity
depends on nucleotide and magnesium concentrations (39, 40).
The direction of filament growth is essential for understanding
the dynamics of the filament structure and its dependency on
(ligand-)concentration and steady-state equilibria. In contrast to
the dynamic cytoskeleton, filament formation of the NLRP3"*P and
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ASC is irreversible. Both filaments form readily with recombinant
protein in a concentration- and pH-dependent manner, but once
filaments are formed, they do not disassemble upon dilution. A close
interplay of on and off rates at the A- and B-ends, similar to the
barbed and pointed end of the actin filament, leading to a treadmilling
mechanism, does not seem to exist in the PYD assembly of NLRP3
and ASC, as far as we know today. Instead, the formation of the
NLRP3"YP and ASC filaments appear as a “point of no return” that
will ultimately lead to cell death and pyroptosis.

It is remarkable that ASC only assembles at one site of the
NLRP3"YP filament, which defines the growth direction of the ASC
speck (Figs. 4 and 5). From the EM data presented here, we cannot
differentiate whether there is a structural constraint, e.g., in form of
a steric clash, which prohibits the assembly of the ASC™*" to the A-end
of the NLRP3"*P filament, or whether the on rate of the a-side PYD
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interfaces of monomeric ASC for binding to the B-end of the
NLRP3"'P filament is so much in favor compared to binding in the
opposite direction that virtually only one form of the homotypic

transition directionality and that the filament growth direction, e.g.,
of the NLRP3"® alone, is unidirectional and is determined by the
binding kinetics. PYD-only proteins (POPs) and CARD-only pro-

domain transition occurs (Fig. 6). It is tempting to speculate that
only the interaction kinetics determines the homotypic domain

teins (COPs) have been described as negative regulators of the in-
flammasome by acting on the ASC™® or Caspase-1“**" domains,

A
NLRP 1036 -
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PYD CARD
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ASCPYD
NLRP3PYD
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Fig. 7. Molecular model of an ASC speck. (A) Cartoon and atomistic model of the NLRP3PP-ASC filament elongation. The molecular domain architecture of human
NLRP3, NEK7, ASC, and Caspase-1 (Casp-1) is displayed in bar diagrams. The NLRP3"'P nucleation seed (light blue) and the elongation to the ASCP'P filament (green) are
shown with the ASC*"P (orange) assemble on the stem. The linker between the PYD and CARD domains in ASC allows small ASC*"° nucleation seed (CARD buds) of one
to three filament rings. (B) Molecular model of an ASC speck. The NLRP3-NEK7 complex forms the disc-like assembly (blue and gray) of the active NLR, with the PYD fila-
ment in the center core (light blue). The ASCP'P stem (green) with the CARD buds (orange) constitute the adaptor to Caspase-1 effector filament, with the Caspase-1CARD
filament (red) and the zymogen p20-p10 dimer (violet and pink) attached. The structures used to generate this model assembly were the following: NLRP3-NEK7 complex
[6NPY (50)], NLRP3”'C filament (this structure), ASC™® filament [3J63 (13)] with an overlay with the ASC full-length NMR structure on the PYD subunit [2KN6 (34); 20 models],
ASCARP huds (assembly of one or two ASCCARD rings on the ASCPP stem) [6N1H (54)], ASCCARD—Caspase-1CARD transition [7KEU (56)], Caspase-1CARD filament [5FNA (43)],
and Caspase-1-zymogen p20-p10 dimer [3E4C (65)].
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respectively (41, 42). The COP “inhibitor of CARD” was shown to
block Caspase-1““* polymerization in vitro by capping the filament
through a defective interface (43). It remains to be elucidated whether
the POPs associate only to one end of the ASC™™ filament, induc-
ing a cap to the growing ASC speck.

It can also be envisioned that topological constraints allow only
one growth and PYD transition direction. Inactive NLRP3 forms a
pentamer or hexamer of dimers with the PYDs shielded in a hollow
sphere (44, 45). Release of the PYDs upon activation, directing the
C termini of the PYDs toward the core assembly, would expose the
b-sides of the PYDs for filament extension. Active NLRC4 was shown
to form a disc-like structure in an assembly of up to 11 subunits
(46-49). The large leucine-rich repeat (LRR) domain mainly con-
tributes to the planar assembly of the disc, while the death domain
coalesces in the central hub. In addition, for NLRP3, a disc-like as-
sembly with participation of the serine/threonine kinase NEK7 was
proposed in its active state (50). Moreover, the NLRP3 basic region
131 to 147 following the NLRP3"YP (3 to 94) was shown to associate
with lipid membranes (51). While it is not clear whether active NLRP3
launches the inflammasome formation from a membrane surface, it
is well conceivable that filament growth is only possible in one
direction if such sphere- or disc-like structure associates on a mem-
brane surface.

Knowing the direction of the homotypic NLRP3-to-ASC PYD
transition and piecing together recent findings from other laborato-
ries, we generated a molecular model of an ASC speck (Fig. 7). A
comprehensive analysis of ASC filament formation, serving as a signal
amplification mechanism for inflammasomes, was performed pre-
viously (18). It was shown that assembly of the ASC speck involves
the oligomerization of ASC™™ into filaments, while cross-linking these
filaments is mediated by the CARD (18, 30). Accordingly, ASC
mutants with a nonfunctional CARD only assemble filaments but
do not form specks. While NLRP3 is the sensor and its PYD is the
nucleation seed for inflammasome formation, ASC is the adaptor that
transmits as a filament elongation factor the information to the ef-
fector protein Caspase-1 (52, 53). This cascade ultimately leads to ASC
specking, Caspase-1 activation, IL-1B maturation, and Gasdermin D
cleavage. Notably, unidirectional %rowth was also observed for the
transition of ASC“**P or NLRC4“**P filaments to Caspase-1**P
(54). Using nanogold-labeling experiments with biotinylated protein,
filament elongation was seen only in one direction. The growth di-
rection was predicted by a comparison of preferred interface sides
between either ASC, NLRP1, NLRC4, or CARD8 CARDs and the
Caspase-1 CARD to occur at the b-sides of the interfaces, although
the left-handed one-start helical CARD filament is of different
topology than the right-handed three-start PYD filament (54, 55).

We generated a model of 11 NLRP3-NEK7 complexes assembling
into the nucleation seed for ASC filament elongation. The ASC"Y
forms the stem of the elongating ASC filament, while the CARDs
assemble as a bud onto the surface of the stem. In the model, we
placed 32 ASC molecules with the N-terminal PYD arranged in the
filament structure, as determined by Lu et al. (13). The C-terminal
CARD again is assembled in a new filament structure (54) or in any
of the 20 conformers determined by NMR spectroscopy (34). The
length of the 23-residue linker between the PYD and CARD of ASC
easily allows for the formation of two rings of the four-leafed CARD
filament on the ASCTYP stem (Fig. 7A). This “bud of CARDs” tethered
to the PYD stem acts as a nucleation seed for Caspase-1 recruitment
and subsequent Caspase-1“**® filament formation (52). Notably, the
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ASCA®P filament diameter is ~7 nm (54) and, thus, 1.5-nm smaller
than the ASC”"® filament. The ASC“**P filament structure assem-
bles through a left-handed one-start helical symmetry with about
3.6 subunits per turn (54). The transition of the ASCEARP (6 the
Caspase-1“8P following the proposed directionality from b-sites to
a-sites in this one-start helix (54-56) marks the last step in this
domino-type NLRP3""P:ASCPYP-ASCARP:Casp“*RP queue. There are
at least 3.5-fold more Caspase-1 molecules found in the ASC speck
than ASC molecules (13), giving rise to the assemblz of 120 Caspase-1
proteins in our model. Onto the three ASC“**P buds with 4 to
10 subunits each, 54 to 66 Caspase-1 molecules were modeled, either as
a full-length protein or in its cleaved form with CARD, p20, and ]glo
subunits (Fig. 7B) (57). The transition zone from the active NLRP3 YD
filament seed to the ASC’*® filament in a functional inflammasome
can be as short as one ASC™"P filament ring, as shown for the ASC
(E8O0R) mutant that retained the ability to induce cell death (18).
These data nicelg confirm our experimentally determined direction-
ality of NLRP3""P-to-ASC filament growth, as the ASC E80R muta-
tion is located on the b-side of the PYD interface surfaces, allowing
for the transition of the NLRP3"'" filament B-end to the ASC"”
A-end, whereas subsequent ASC filament elongation is prohibited by
this mutation (18). Accordingly, the ASC“**P bud for a functional
inflammasome can be as short as only six ASC subunits. The model
of an ASC speck shown here displays the minimal assembly of NLRP3,
ASC, and Caspase-1 proteins in a rough 1:3:10 stoichiometry. While
this model holds for an approximately 80-nm length, the ASC“**P-
mediated cross-linking (18, 30) of multiple such assemblies may
generate the micrometer-like structure seen in fluorescence micros-
copy for the ASC speck (58-60).

The NLRP3"*P filament structure and the determination of the
transition directionality to ASC filament elongation reveal the mo-
lecular basis for NLRP3-mediated ASC specking. Our observations
have implications for the possible interference with antibodies or small
molecules at the filament growing site. Capping the inflammasome
at the filament growth direction could be an effective mechanism to
block these higher-order signalosomes and lead to new therapeutic
intervention in inflammation.

MATERIALS AND METHODS

NLRP3"'P cloning, expression, and purification

Human NLRP3 (UniProt accession number Q96P20; residues 3 to
110; C108S) was cloned into a pGEX-4T1 expression vector, pro-
viding an N-terminal GST tag followed by a TEV protease cleavage
site. The C108S mutation was introduced to prevent disulfide bond
formation with residue C8, which was observed in one of two chains
in the crystal structure (24) of NLRP3"YP. The construct was trans-
formed and expressed in E. coli cells, strain BL21(DE3), by growing
the culture at 37°C to an ODgg (optical density at 600 nm) of
0.8 and by inducing with 0.3 mM isopropyl-p-p-1-thiogalactopyranoside
(IPTG) overnight (o/n) at 20°C. Cells were collected by centrifuga-
tion and lysed by sonication in a lysis buffer containing 20 mM Hepes
(pH 7.5), 150 mM NaCl, and 0.5 mM tris(2-carboxyethyl)phos-
phine (TCEP). The cell lysate was centrifuged at 20,000g for 30 min,
and the supernatant was administered to a pre-equilibrated GSTrap
column using an AKTA prime FPLC system (GE Healthcare). The
column was washed with 10 column volumes of lysis buffer, and the
protein was eluted in the same buffer supplemented with 15 mM
L-glutathione. The affinity-purified protein was TEV-cleaved o/n at
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4°C and subsequently subjected to gel filtration on an equilibrated
Superdex 75 gel filtration column 16/600 (GE Healthcare). Mono-
mer fractions were pooled and concentrated to 1 mg/ml, corre-
sponding to a concentration of 79 uM, and filament formation was
induced with fresh protein by incubation at 37°C o/n.

Protein variants carrying mutations in the PYD-PYD assembly
interfaces (R7E, E15R, K23E/K24E, M27E, R43E, D60R, R80E, and
R81E) and CAPS mutants (D21H, D31V, H51R, and A77V) were
generated in the NLRP3"'® (residues 3 to 110; C108S) construct using
the megaprimer mutagenesis method. The NLRP3"* interface and
CAPS mutant proteins were expressed and purified as GST fusion
proteins following the same procedure as described above. For kinetic
measurements, the generation of monomeric, soluble NLRP3*P
included an additional dialysis step after TEV protease cleavage into
a buffer containing 50 mM glycine (pH 3.8) and 150 mM NaCl. The
dialyzed protein was further purified on a pre-equilibrated Superdex 75
gel filtration column (GE Healthcare), and fractions containing
monomeric soluble NLRP3"YP were concentrated to 1 mg/ml,
snap-frozen in liquid nitrogen, and stored at —80°C.

Preparation of recombinant ASC

Full-length human ASC, followed by a TEV protease cleavage site
and mCherry, was cloned with Nde I/Xho I sites at the 5" and 3’ ends,
respectively, into a pET-23a expression vector providing a C-terminal
hexa-histidine tag. This construct was transformed and expressed
in E. coli cells, strain BL21(DE3), by growing the culture at 37°C to
an ODgyo of 0.8 and induced with 0.1 mM IPTG for 4 hours at
37°C. Cells were collected by centrifugation and lysed by sonication
in lysis buffer A containing 20 mM tris (pH 8.0), 500 mM NaCl, and
5mM imidazole. Cell lysates were centrifuged at 20,000g for 30 min,
and the pellet was dissolved in buffer A supplemented with 4 M Gdn-HCI
for 1 hour at 4°C. Subsequently, the suspension was centrifuged at
20,000¢ for 30 min, and the supernatant was administered onto a
pre-equilibrated HisTrap column using an AKTA Prime FPLC system
(GE Healthcare). The column was washed with 10 column volumes
of solubilization buffer, supplemented with 20 mM imidazole, and
the protein was eluted in the same buffer supplemented with 300 mM
imidazole. The pooled elution fractions’ pH was decreased to 3.8 and
dialyzed against 50 mM glycine buffer (pH 3.8) and 150 mM NaCl.
The protein was further purified on a pre-equilibrated Superdex 75
gel filtration column (GE Healthcare). Fractions containing mono-
meric, soluble ASC-mCherry protein were pooled, concentrated to
1 mg/ml, aliquoted, snap-frozen in liquid nitrogen, and stored at —80°C.

Negative-stain EM

For negative-stain EM, 4 ul of protein sample was applied onto a
glow-discharged copper grid coated with a continuous carbon layer
(PLANO). The protein sample was incubated for 1 min before blotting
away the excess sample with a filter paper. The sample-coated side of the
grid was then washed by dipping it into three individual 20-ul drops
of protein buffer with a blotting step in between. Last, the sample was
negatively stained with 2% uranylformiate for 30 s, the excess sample
was blotted away, and the grid was air-dried. Negative-stained EM girds
were imaged using a JEOL JEM-2200FS TEM operating at 200 kV.

Cryo-EM sample preparation, data collection of NLRP3"'P

filaments, and NLRP3PYD—to—ASC-mCherry filament transitions
To enhance filament binding, R1.2/1.3 Cu 300 grids (Quantifoil)
were glow-discharged and coated with graphene oxide (0.2 mg/ml
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in ddH,0), followed by coating with poly-1-lysine (1 mg/ml in
ddH,0) before sample application. Four microliters of polymerized
NLRP3YP (1 mg/ml) or NLRPSPYD:ASC—mCherry transitions (molar
ratio of 10:1) supplied with 0.01% of the surfactant octyl maltoside
was then applied onto the freshly pretreated grids. Samples were
blotted for 3 to 4 s at 80% humidity and 20°C and subsequently
plunge-frozen in liquid ethane using an EM GP blotter (Leica
Microsystems). Grids containing NLRP3"Y" filaments were imaged
using a Krios Titan TEM (Thermo Fisher Scientific), operated at 300 kV
and equipped with a modified Falcon2 direct electron detector, enabling
frame acquisition. Grids containing the NLRP3"*”:ASC-mCherry
transition filaments were imaged with a Krios Titan TEM equipped
with a Falcon3 direct electron detector. For NLRP3*P, 3000 frame
movies with a total dose of 60 e”/A and 70 frames each were collected
at a defocus range of 1 to —2.5 um. For NLRP3""P:ASC-mCherry,
1668 frame movies with a total dose of 60 e”/A and 40 frames each
were collected in counting mode at a defocus range of 1.8 to —3 pum.

Cryo-EM data processing and model building

of the NLRP3""® filament

Cryo-EM data processing was done in RELION3 (61). Frame movies
were aligned using RELION’s own implementation of the MotionCor2
algorithm. Motion-corrected but non-dose-weighted micrographs
were used to determine contrast transfer function (CTF) parameters
using CTFFIND 4.1. For further processing, 724 high-quality micro-
graphs were chosen, and the start and end coordinates of filaments
were manually identified using the EMAN?2 interface (62). In total,
100,821 particles were extracted in RELION from the motion-corrected
and dose-weighted micrographs with a box size of 220 pixels, assum-
ing a helical rise of 14 A. Particles were subjected to reference-free
2D classification, which yielded 13 2D classes showing high-resolution
features accounting for a total of 60,333 particles. This subset was
selected for further processing. An initial model was calculated on
the basis of the ASCT P filament structure (PDB: 3]63) (13). For this,
the atomic model was first converted into a simulated electron
density, low-pass—filtered to 8 A, and then symmetrized assuming a
helical twist of 54° and an axial rise of 14 A. 3D refinement was
then performed using the same values as the initial search parame-
ters for the helical symmetry. 3D alignment parameters were used to
re-extract centered particle images from the micrographs. These
were subjected to an intermediate round of 2D classification,
which yielded 10 classes with high-resolution features accounting for
26,172 particles.

Next, a subsequent round of 3D refinement was performed
using these particles. For this, the map generated from the 60,333
particles was used to calculate a solvent mask. Helical parameters
converged to a helical twist of 54.44° and an axial rise of 14.16 A
and yielded a resolution of 3.7 A. Next, CTF refinement and
Bayesian polishing were performed. A final round of 3D refine-
ment produced a map at a resolution of 3.6 A, with a helical twist
of 54.88° and an axial rise of 14.32 A. Chain A of the dimeric
NLRP3YD crystal structure (PDB: 3QF2) (24) served as initial
model for model building of the NLRP3"YP filament in Coot (63).
Real-space refinement was done in Phenix (64). The final model
encompasses residues 3 to 94 with clear densities of most side chains
seen in the electron density map (fig. S1E). A multiple sequence
alignment of all 14 human NLRP PYDs displays the degree of
sequence conservation in correlation to the secondary structure

(fig. S7).
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Determination of NLRP3"'P filament ASC-mCherry
elongation directionality by cryo-EM
To determine the directionality of NLRP3"*" filament-seeded
elongation by ASC-mCherry, we recorded a cryo-EM dataset of
NLRP3"P:ASC-mCherry transitions. The 1668 recorded movies
were aligned using RELION’s own implementation of the MotionCor2
algorithm. Motion-corrected, non-dose-weighted micrographs were
subjected to CTF estimation using CTFFIND 4.1. In total,
423 micrographs that allowed a clear distinction of individual tran-
sition events were chosen for further processing. Start and end
coordinates were always picked in the same direction relative to the
filament transition site. The start coordinate was located at the tran-
sition distant, and the end coordinate was located at the transition
proximal end of the generated particle box. In total, 19,351 particles
were extracted in RELION with a box size of 220 pixels and used for
reference-free 2D classification. Four 2D classes (29, 44, 47, and 48)
showed high-resolution features and a characteristic sawtooth pat-
tern. Only these “good classes” were used in the following procedure.
The directionality of the class averages with respect to the PYD fila-
ment structure was determined by manual superposition of the electron
density onto the class averages. The directionality of the class average
was then flagged by overlaying arrows onto the class average.
To identify the directionality of the NLRP3"Y°-ASC"*® transi-
tion, we extracted the x and y coordinates, psi, and psiprior angles
from each of the particles that constituted the four good classes. The
directionality-flagged class averages were then aligned onto the ex-
tracted xy positions in the CTF- and motion-corrected micrographs
and rotated according to the extracted psi angle (fig. S4). The pro-
cess was repeated for 100 micrographs, and, in each case, the B-end
of the class average pointed toward the ASC-mCherry filament
transition. In addition, we noted that because the particle picking
was always performed toward the ASC-mCherry transition, the psi
and psiyrior angles of the particles were always very similar. Figure
S4 shows histograms of the Apsi angles (psiprior — psi) of all particles
in the good classes. Because of our described picking procedure of
picking toward the ASC-mCherry transition, the histograms are
centered around 0°. This means that RELION did not change the
overall direction of any of the particles during the formation of the
class averages. Any filaments with a reversed directionality would
have led to peaks at 180° in the histogram. Very few instances of
+360° or —360° occurred for filaments that were almost horizontal
in the micrograph and thereby aligned along the x axis [e.g., 179.2° —
(—178.7°) = 357.9°], which is, however, in agreement with the iden-
tified transition directionality.

NLRP3"'? filament polymerization monitored by DLS

Before the kinetic analysis of NLRP3"*" polgmerization, a sample
containing monomeric, soluble NLRP3*® [50 mM glycine
(pH 3.8), 150 mM NaCl, and 0.5 mM TCEP] was rapidly thawed,
centrifuged at 13,000 rpm for 5 min, and filtered through a 0.1-pm
syringe filter (Whatman). The protein concentration was ad-
justed to 0.6 mg/ml using the sample buffer, and filament forma-
tion was induced by adjusting the sample to pH 8.0 through addition
of 3 M tris (pH 8.0) to a final concentration of 60 mM. Filament
polymerization was monitored by batch DLS with a DynaPro
NanoStar instrument (Wyatt). Data were acquired at 25°C in
a time course experiment of 100 min in 60-s intervals by aver-
aging three runs of 20 s until a plateau of filament polymerization
was reached.
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For polymerization analysis of single-point mutants, recombi-
nant NLRP3"*P and mutant proteins were purified in a buffer con-
taining 20 mM Hepes (pH 7.5), 150 mM NaCl, and 0.5 mM TCEP
as described above, and size exclusion chromatography fractions
containing monomeric recombinant protein were pooled and con-
centrated to 0.6 mg/ml. Filamentation was induced by incubation at
25°C for 1.5 hours, and the polymerization status of the samples was
subsequently monitored by batch DLS. Data were acquired by aver-
aging three runs of 20 s. Three technical replicates of each experi-
ment were performed.
Polymerization of NLRP37"°
negative-stain EM
In addition to DLS, the polymerization behavior of wild-type
NLRP3"'P and point mutants was analyzed by negative-stain EM. Here,
GST-NLRP3"YP or GST-NLRP3"'P point mutants at a concentra-
tion of 1 mg/ml were subjected to TEV protease cleavage (molar ratio
TEV protease:GST-NLRP3"" of 1:25) for 1.5 hours at 25°C and were
subsequently analyzed by negative-stain EM as described above.

and point mutants analyzed by

ASC specking experiments in Hela cells

Five thousand HeLa cells stably overexpressing ASC-mTurquoise
were seeded and transfected in duplicates with increasing amounts
(0, 3.1, 6.3, 12.5, 25, 50, 100, or 200 ng) of plasmids encoding wild-
type and point mutant NLRP3 (1-95)-mCitrine fusion proteins.
Twelve hours or 36 hours after transfection, cells were fixed, and
nuclei were stained using a phosphate-buffered saline (PBS) solu-
tion containing both paraformaldehyde (4%) and DRAQ5 (1:2000).
Ten images per well were taken using filter sets to detect cyan fluo-
rescent protein (i.e., filter set 47 from Zeiss: excitation BP 436/20,
beam splitter FT' 455, and emission BP 480/40) and DRAQ5 (i.e., filter
set 50 from Zeiss: excitation BP 640/30, beam splitter FT 660,
and emission BP 690/50) using the 20x objective of a Zeiss observer
Z1 microscope. Images were analyzed using the CellProfiler 2.2.0
software to count nuclei and ASC specks. For each well, the ratio of
ASC specks/nuclei was calculated. Ratios extracted from 20 inde-
pendent images (10 images per well, conditions in duplicates) were
averaged to calculate the final ratio of ASC speck/nuclei for every
condition.

ASC specking experiments in HEK293T cells

HEK293T cells stably expressing an ASC-BFP fusion were seeded in
24-well plates at a density of 75,000 cells per well and incubated at
37°C for 24 hours. Per well, 100 ng of a doxycycline-inducible
TetO6-NLRP3-hPGK-TetON3G-T2A-mCherry construct, encoding
full-length NLRP3 (wild-type or indicated mutants), was transfected
using 0.5 ul of Lipofectamine 2000 (Thermo Fisher Scientific) ac-
cording to the manufacturer’s instructions. Eighteen hours after
transfection, NLRP3 expression was induced by adding doxycycline
to a final concentration of 10 ng/ml, followed by an incubation of
6 hours at 37°C and addition of nigericin (10 uM) for another 1 hour.
Cells were harvested by trypsinization, followed by washing with
Dulbecco’s PBS (DPBS) and resuspension in 100 pl of flow buffer
(DPBS supplemented with 2 mM EDTA and 0.5% bovine serum
albumin). Flow cytometry analysis of the samples was carried out
using an LSRFortessa II cell analyzer at medium flow rate. Trans-
fected cells were gated for mCherry, which was coexpressed from the
NLRP3-encoding plasmid. The gate for mCherry-positive (mCherry™)
cells was set to low levels of expression (mCherry low) according to
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an mCherry-negative control. In addition, the mCherry gate was
adjusted between experiments to yield similar levels of baseline ASC
specks in the wild-type control samples while maintaining similar
levels of mCherry” cells. The level of ASC specks formed was deter-
mined as a percentage of the mCherry” population.

NLRP3P'P seeding ASC filament elongation assays

To induce filament formation for homot]gpic PYD transition exper-
iments, 50 ul of monomeric NLRP3"*? protein [50 mM glycine
(pH 3.8), 150 mM NacCl, and 0.5 mM TCEP] at a concentration of
50 uM was adjusted to pH 8.0 by adding 1 ul of 3 M tris (pH 8.0) to
a final concentration of 60 mM. The solution was incubated for
3 min at 25°C, allowing for the formation of short NLRP3"*® fila-
ments. Monomeric soluble ASC-mCherry [50 mM glycine (pH 3.8),
150 mM NaCl, and 0.5 mM TCEP) was added to the NLRP3"YP
sample to reach a molar ratio of 1:100 (ASC-mCherry to NLRP3FYD),
and the sample was incubated for 5 min. This step was repeated two
more times at increasing ASC volumes to reach consecutive molar
ratios of ASC-mCherry to NLRP3"YP of 1:50 and 1:25. After each
addition and subsequent incubation with the ASC-mCherry protein,
the protein solution was applied onto EM grids, negatively stained,
and imaged using a JEOL JEM-2200FS microscope to visualize binary
complex assemblies containing ASC-mCherry filaments topping on
NLRP3""P filament seeds.

For the cryo-EM procedure, the titration protocol to generate
NLRP3"YP:ASC-mCherry filament transitions was adjusted to re-
ceive longer initial NLRP3"Y® filaments that could be used for sub-
sequent particle extraction. The boxed particles were used for
determining the directionality of ASC-mCherry elongation on
NLRP3"'P filaments. Here, 50 ul of monomeric NLRP3"™® protein
[50 mM glycine (pH 3.8), 150 mM NaCl, and 0.5 mM TCEP] at a
concentration of 50 uM was adjusted to pH 8.0 as described above,
and the solution was incubated for 6 min at 25°C. Monomeric solu-
ble ASC-mCherry [50 mM glycine (pH 3.8), 150 mM NaCl, and
0.5 mM TCEP] was added to the NLRP**® sample to reach a molar
ratio of 1:50 (ASC-mCherry to NLRP3"YP) followed by 5-min incu-
bation. In two consecutive steps, the molar ratio of ASC-mCherry
to NLRP3""" was increased to 1:25 and 1:10, each followed by
5-min incubation. The sample of the last incubation step was used
for cryo-EM sample preparation.

Molecular modeling of an ASC speck

A model of an 11-mer NLRP3-NEK7 complex was created by sepa-
rate structural alignment of the NACHT and LRR-NEK7 subunits
of (PDB: 6NPY) (50) to each subunit of the disc-like NLRC4 struc-
ture (3JBL) (49). This ring-shaped structure was placed at the A-end
of a 11-subunit NLRP3"*? filament (our structure; 7PZD). At its
B-end, this filament was elongated by 32 subunits of an ASC™*"
filament (3J63) (13), and the transition between both filaments was
energy-minimized by GROMACS (33). The NMR ensemble of full-
length ASC (2KN6) (34) was split into 20 individual structures. Each
ASCPYP in the filament was overlaid with a randomly selected NMR
structure to create a “full-length” model (with respect to the ASC
polypeptide) of the ASC filament. Because of the 24-amino acid
linker between the ASCP'® and ASC“**P domains, it was possible
to model eight-subunit large “buds” of an ASC“*®® filament at three
different positions of the ASC**® filament. The arrangement of the
subunits in these buds was modeled by using the ASC“*RP fila-
ment structure (6N1H) (54) as a template. A superposition of
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the ASCCARD—to—Caspase—ICARD transition structure (7KEU) (56)
onto the buds created the transition to the Caspase-1“*" filament
(5FNA) (43). Last, structural models of the Caspase-1-zymogen (p20-p10
dimer; 3E4C) (65) were placed at each junction of two Caspase—lCARD
molecules in the filament.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn7583

View/request a protocol for this paper from Bio-protocol.
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