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Inflammasomes are multiprotein complexes that control the in-
nate immune response by activating caspase-1, thus promoting
the secretion of cytokines in response to invading pathogens and
endogenous triggers. Assembly of inflammasomes is induced by
activation of a receptor protein. Many inflammasome receptors
require the adapter protein ASC [apoptosis-associated speck-like
protein containing a caspase-recruitment domain (CARD)], which
consists of two domains, the N-terminal pyrin domain (PYD) and
the C-terminal CARD. Upon activation, ASC forms large oligomeric
filaments, which facilitate procaspase-1 recruitment. Here, we
characterize the structure and filament formation of mouse ASC
in vitro at atomic resolution. Information from cryo-electron micros-
copy and solid-state NMR spectroscopy is combined in a single
structure calculation to obtain the atomic-resolution structure of
the ASC filament. Perturbations of NMR resonances upon filament
formation monitor the specific binding interfaces of ASC-PYD
association. Importantly, NMR experiments show the rigidity of the
PYD forming the core of the filament as well as the high mobility of
the CARD relative to this core. The findings are validated by structure-
based mutagenesis experiments in cultured macrophages. The 3D
structure of the mouse ASC-PYD filament is highly similar to the
recently determined human ASC-PYD filament, suggesting evolution-
ary conservation of ASC-dependent inflammasome mechanisms.
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he innate immune system rapidly detects and responds to

different types of pathogen- and danger-associated molecular
patterns (PAMPs and DAMPs, respectively) at minimal concen-
trations via specific, germline-encoded pattern-recognition re-
ceptors (PRRs) (1-3). A subset of cytosolic PRRs respond to
PAMPs and DAMPs by initiating the assembly of cytosolic mac-
romolecular inflammasome complexes (4-6). Inflammasome as-
sembly leads to the activation of caspase-1, the proteolytic
maturation of interleukins, and the induction of pyroptosis. The
correct assembly of inflammasome complexes is critical, and mal-
functions are related to major human diseases including cancer and
autoimmune syndromes (4, 7). Inflammasome signaling initiates
with the activation of dedicated sensor proteins, such as the NOD-
like receptor (NLR) family, through mechanisms that still are
poorly understood (2, 4). The typical domain architecture of NLRs
is tripartite, including an N-terminal effector domain (8). Based on
the type of effector domain, which can be pyrin domains (PYDs),
caspase-recruitment domains (CARDs), or baculovirus inhibitor of
apoptosis (IAP) repeat (BIR) domains, NLRs are classified as
NLRPs, NLRCs, or NLRBEs, respectively (9). In the initial reaction
step upon recognition of the specific molecular pattern, the receptor
self-associates (Fig. 14). Because death domains interact in a
homotypic fashion, NLRCs can activate procaspase-1, which
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features a CARD, directly. In contrast, NLRPs require the re-
cruitment of the bipartite adaptor protein ASC (apoptosis-associated
speck-like protein containing a CARD) as an intermediate signaling
step. ASC interacts with the receptor via its N-terminal PYD and
activates procaspase-1 with its C-terminal CARD. Importantly, the
interaction with the receptor is not stoichiometric, but ASC oligo-
merizes in vivo to a micrometer-sized assembly, the ASC speck (Fig.
1 A and B) (10). Procaspase-1 is recruited to the speck, resulting in
its autoprocessing and the formation of the catalytically active het-
erotetramer of cleaved p10 and p20 subunits.

Given its central role in NLRP inflammasomes, a description
of ASC structure and dynamics in its soluble and filamentous
form is crucial to understand inflammation processes at the
atomic level. NMR spectroscopy is the method of choice for
the structural and functional characterization of PYDs that are
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Invading pathogens and other danger-associated signals are
recognized by the innate immune system. Subsequently, the
eukaryotic protein ASC [apoptosis-associated speck-like protein
containing a caspase-recruitment domain (CARD)] assembles to
long filaments, which might serve to amplify the signal and
activate an inflammatory response. We have determined the
structure of the mouse ASC filament at atomic resolution. The
pyrin domain of ASC forms the helical filament core, and the
CARD, thus far elusive to experimental observation, is flexibly
unfolded on the filament periphery. The integration of data
from two structural methods, cryo-electron microscopy and
solid-state NMR spectroscopy, opens perspectives for structural
studies of inflammasomes and related molecular assemblies.
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Fig. 1. Structural determinants of ASC filament formation. (A) Schematic rep-
resentation of ASC-mediated inflammasome assembly and caspase-1 activation.
Detection of specific molecular patterns by NLR or pyrin and HIN domain-
containing protein (PYHIN) family members results in their activation and
oligomerization. Activated receptors recruit the inflammasome adaptor ASC,
which in turn oligomerizes to ASC filaments. The effector protease caspase-1 is
activated by this complex. LRR, leucine-rich repeat. (B) Endogenous ASC specks in
immortalized murine macrophages stained with antibodies for ASC (red) appear
as large, macromolecular complexes. Nuclei are stained blue. (Scale bar, 5 um.)
(C and D) Characterization of filaments from ASC-FL (C, black) and ASC-PYD
(D, blue) reconstituted in vitro. (Upper) EM images of negatively stained prep-
arations of ASC filaments. (Scale bars, 1 um; 100 nm in Insets). (Lower) 2D ['3C,'3C]-
DARR solid-state NMR spectra of [U-"3C]-labeled filaments (mixing time 20 ms).
The spectra were recorded on an 850-MHz spectrometer at 17 kHz MAS.
(E) Superimposition of a selected region of the 2D ['3C,'*C]-DARR spectra shown
in C and D. Sequence-specific resonance assignments are indicated.

difficult to crystallize (11-13). In particular, the solution structures
of isolated human ASC pyrin domain (ASC-PYD) and ASC full-
length protein (ASC-FL) have been determined, showing that the
PYD and the CARD, connected by a flexible linker, tumble in-
dependently in solution (14, 15). A suitable method for the
structural characterization of the insoluble ASC aggregates that
form at physiological pH conditions is cryo-EM, which recently has
provided the first structure of an ASC-PYD filament at near-
atomic resolution (16). Filaments of human ASC-PYD feature a
helical arrangement along well-defined molecular interfaces, in
agreement with other molecular assemblies of death domains (16—
18). An alternative method to determine structures of insoluble
protein assemblies at atomic resolution is solid-state NMR spec-
troscopy under magic-angle-spinning (MAS) conditions (19-22).
Cryo-EM density maps do not recover disordered or dynamic
polypeptide segments, but solid-state NMR spectroscopy renders
data from both the rigid and dynamic parts of a molecular as-
sembly. The two techniques thus can provide complementary in-
formation. Structural studies of inflammasomes from different
vertebrates remain of great interest because of the extensive di-
versification of inflammasome signaling pathways among species.

Here, we combine data from solid-state NMR spectroscopy
and cryo-EM to determine the atomic-resolution structure of
mouse ASC filaments formed by the PYDs via helical stacking
along well-defined interfaces. Additional solid-state NMR mea-
surements address the dynamic CARD as part of the ASC-FL
filament. A comparison of chemical shifts reveals conformational
changes upon filament formation. Structure-guided mutagenesis
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in living cells confirms the network of interactions that are es-
sential for the integrity of the filament and thus ASC-dependent
inflammasome signaling.

Results

Reconstitution and Characterization of ASC Filaments in Vitro. The
mouse ASC-FL and ASC-PYD were soluble at low pH or in
chaotropic solution and showed a high propensity for assembling
into filaments at physiological pH conditions. Negatively stained
preparations visualized by EM showed that oligomerization leads
to the formation of long, well-defined filaments, with typical
lengths in the range of 500-2,000 nm (Fig. 1 C and D). The
filaments were organized in larger aggregates of variable size,
with the ASC-FL filaments branching more frequently than the
ASC-PYD filaments. In general, the atomic structure of filaments
depends on the assembly conditions in vivo and in vitro, and
polymorphism is common in some systems (23, 24). To charac-
terize the sample homogeneity in our preparations, we used solid-
state NMR spectroscopy, which is highly sensitive to even small
changes in the local molecular conformation (23) A 2D dipolar-
assisted rotational resonance (DARR) ["*C,"*C]-correlation spec-
trum as well as an NCA correlation spectrum of the filament of the
isolated PYD showed narrow cross-peaks, with typical carbon line
widths of about 0.5 ppm (Fig. 1 D and E and Fig. S1). The ob-
servation of a single set of peaks—one per carbon or nitrogen
atom—is a strong indication of a homogeneous preparation and
the absence of polymorphism. Notably, the observation of a single
set of resonances also indicates that all monomers in the filament
are symmetry-equivalent. We repeated the same experiments on
the filament of ASC-FL under the same conditions and observed
highly similar DARR and NCA spectra (Fig. 1 C and E and Fig.
S1). The two pairs of spectra feature a complete set of correlation
cross-peaks at the same positions, indicating that the CARD is es-
sentially invisible in the spectrum of ASC-FL and that the observ-
able PYD adopts the same structure in both types of filament. The
ASC-PYD alone thus forms the scaffold of the ASC-FL filament,
whereas the CARD is not strictly required for the filament core and
does also not perturb the PYD filament conformation. The absence
of additional strong signals in the full-length protein relative to the
PYD shows that the CARD is flexible relative to the filament core.
Consistently, although mouse ASC-PYD filaments feature a
smooth surface in negative-stained EM, filaments formed by
mouse ASC-FL have a rough surface, possibly because the ASC-
CARD is exposed outside the ASC filament (Fig. 1 C and D).
These data directly indicate that the two domains of mouse ASC,
which in human ASC have been shown to tumble independently
in solution (14), also are independent in the filament form.

Cryo-EM of the ASC-PYD Filament. Based on the observation that
the ASC-PYD is the minimal structural requirement for filament
formation, we studied the structure of filaments of the mouse ASC-
PYD without the CARD. Optimization of the filament formation
protocol by observation with cryo-EM showed that these filaments
are well-ordered (Fig. S2). Image collection was done manually on
an FEI Titan Krios transmission electron microscope using a Gatan
K2 Summit direct electron detector. Recorded image series were
automatically drift-corrected and averaged using the 2dx_automator
(25), employing MOTIONCORR (26). The averaged power spec-
trum of multiple individual segments of filaments from these cryo-
EM images shows a clear meridional reflection at 1/14.2 A™!, cor-
responding to the reciprocal of the axial rise. Image processmg with
the Iterative Helical Real Space Reconstruction (IHRSR) method
(27) yielded a final electron density map at a resolution of
~4.0-4.5 A (Fig. 24). The ASC-PYD filament is a hollow helical
fiber with inner and outer diameters of 20 A and 90 A, re-
spectively. The polar filament has C3 point group symmetry with
53° right-handed rotation and a 14.2-A axial rise per subunit.

Solid-State NMR of the Mouse ASC-PYD Filament. For the resonance

ass1gnment we recorded a set of correlation experiments on
uniformly ®C- and "N-labeled filaments under MAS conditions
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(28). The spectra were well resolved and allowed sequence-specific ~ map) as restraints, as well as the TALOS+ dihedral angles from
resonance assignments of the backbone and amino acid side chains,  solid-state NMR chemical shifts for a total of 70 residues and i,i+4
as detailed in ref. 29 (Fig. 2 B and C). The backbone assignment  backbone hydrogen-bond restraints for residues in a-helical sec-
was complete for residues 4-84, and in this segment most of the  ondary structure (see above). The resulting model 2 shows a well-
side-chain carbon atoms were assigned also. The secondary defined backbone structure, as indicated by a backbone rmsd
chemical shifts allowed a direct determination of the location of — of 0.23 A and an overall heavy atom rmsd of 0.94 A for the
secondary-structure elements. Mouse ASC-PYD in its filament conformer bundle. Model 2 is cross-vahdated by a set of spec-
form features six a-helices at positions 3-14, 17-29, 4146, 49-59, trally unamblguous cross-peaks in 2D ["*C,'*C]-CHHC and
62-76, and 80-84 (Fig. 2D). The last helix presumably extends until ~ [*C,"*C]-proton assisted recoupling (PAR) solid-state NMR
residue 89, but resonances that could correspond to the segment  experiments, which are all in agreement with the 3D structure
85-89 were not found in any of the spectra. Because an INEPT  (Fig. S34 and Table S1).
(insensitive nuclei enhanced by polarized transfer)-based spectrum In an attempt to improve side-chain orientations, we used
of the ASC-PYD filaments did not show resonances, we assume  further NMR distance restraints from 2D [**C,'*C]-CHHC and
that these four residues feature millisecond dynamics, leading to  [*C,'*C]-PAR spectra. The spectra were peak- picked automat-
line broadening below the level of detection, a common feature of  ically by Sparky (33) and assigned to 674 atom pairs with the
terminal residues even in microcrystalline proteins (30). CANDID algorithm (34) using the 3D structure information of
model 2 as input (Fig. S3B). A structure calculation with X-PLOR-
Calculation of the Structure of the Mouse ASC-PYD Filament. The = NIH (32) under symmetry enforcement yielded model 3, using as
cryo-EM density map of the ASC-PYD filament was combined  input the cryo-EM-derived structure factors, TALOS+-derived
with solid-state NMR data toward a joined structure calculation,  dihedral angle restraints, and the 674 ambiguous NMR distance
which proceeded in three steps (Fig. 2E). Model 1 of the ASC-  restraints but no hydrogen-bond restraints. In model 3, the en-
PYD filament monomer is based on the EM electron density — semble of the 10 lowest energy conformers of the ASC-PYD
map and on the location of the six a-helical segments in the filament featured a backbone rmsd of 0.17 A and an overall
amino acid sequence, as determined from solid-state NMR  heavy atom rmsd of 0.63 A (Fig. 2 F-I, Table S2, and Movies S1
secondary chemical shifts. It was built by placing the helices in-  and S2). Because all data, including the EM map, were treated
teractively into the cryo-EM density map using Coot (31) and  with strict symmetry enforcement, these values are equally repre-
connecting them as indicated by electron density. Because some  sentative for the individual monomer subunits.
of the side chains were well resolved in the electron density map, A comparison of model 3 with model 1 showed significant
matching them allowed a tentative rotational orientation. The  improvements. The models differ by backbone and all heavy
full-filament coordinates were created from this monomer by  atom rmsds of 0.84 A and 1.04 A, respectively. The comparison
application of the helical symmetry (C3, 53° rotation, 14.2-A rise).  of model 3 with model 2 showed only small differences overall
The resulting model 1 was refined further using the X-PLOR-NIH  (backbone and all heavy atom rmsds of 0.27 A and 0.33 A, re-
program (32) under continuous symmetry enforcement, using the  spectively). Visual inspection showed that the improvement is
cryo-EM structure factors (the Fourier transform of the density — not uniform but that a number of side-chain orientations were
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Fig. 2. Structure determination of the ASC-PYD filament by the combination of cryo-EM and solid-state NMR data. (4) Electron density map of the ASC-PYD filament
obtained by cryo-EM and image processing. Darker segments are the inner bulk volume of the density map. (B) Strips from a 3D "*C-correlation spectrum of a [U-'3C]-
labeled ASC-PYD filament. The strips were taken at the *Ca positions of residues lle-50 and Leu-32, respectively. (C) Strips from a 2D ['*C,"3C]-DARR (Upper) and a CHHC
(Lower) spectrum. Pairwise '>C-"3C contacts as identified by CANDID are shown using the one-letter amino acid code and residue number. (D) Secondary chemical shifts
of ASC-PYD in the filament from solid-state NMR experiments. The data identify six a-helices, as indicated above the panel with the starting and ending residue
numbers. (E) Flowchart of the ab initio structure determination of the ASC-PYD filament. The data contributions from solid-state NMR spectroscopy and cryo-EM are
indicated by yellow and green rectangles, respectively. The individual structural models 1-3 are shown in light blue. Software packages are identified in gray rectangles.
See SI Materials and Methods for details. (F) Cryo-EM density reconstruction superimposed with the single-subunit ASC-PYD structure. (G and H) Backbone superim-
position of the 20 lowest-energy conformers of the ASC-PYD filament (G) and a single monomer within the assembled filament (H). The conformational ensemble of 10
arbitrarily selected side chains is shown as stick models in orange. (/) Structural features of a single ASC-PYD monomer as part of the filament. The spectrally ambiguous
distance constraints between Tyr60 and Leu68 (orange) and the neighboring residues (gray), obtained from solid-state NMR experiments are shown as orange lines.
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better defined in model 3 through the integration of the distance
restraints. Therefore, we conclude that the resolution of the EM
map was high enough so that, in combination with NMR-derived
secondary structure information, a high-resolution structure can
be obtained de novo, without the requirement of prior knowl-
edge of the protein monomer structure (model 2). Because this
procedure requires only NMR chemical-shift assignments for the
protein backbone, this approach is accessible for even larger pro-
teins with contemporary technology (35). Additionally, the fact that
CANDID interprets 91% of all observed cross-peaks using the
narrow tolerance of 0.2 ppm for *C chemical shifts is an important
cross-validation of models 2 and 3. Finally, the Fourier shell cor-
relation (FSC) between the final structural model and the density
map showed a resolution of 4.3 A (Fig. S2E).

Structure of the Mouse ASC-PYD Filament. Mouse ASC-PYD forms
a triple-stranded, right-handed helical filament in which each
PYD interacts with six adjacent subunits through three asym-
metric interfaces, types I-III (Fig. 3 A-F and Movies S3 and S4).
Interface type I is formed by amino acid residues belonging to
helices 1 and 4 on one subunit and helix 3 in the adjacent sub-
unit, defining helical PYD strands winding around the helix axis
(Fig. 3D). It involves interactions between residues of opposite
charges that contribute to the filament stabilization. The solvent-
exposed positively charged side chains of Lys22, Lys26, and
Lys21 from helix 2 and Arg4l from helix 3 are involved in
electrostatic interactions with the negatively charged side chain
of residues Glu13 and Asp6 from helix 1 and residues Asp48 and
Asp54 from helix 4 of the neighboring subunit. In addition, a
network of hydrophobic interactions is formed by Leu9, Met25,
Val30, and Ile50. The lateral contact of strands parallel to the
filament axis emerges from interface type II (Fig. 3E). Residues
in helices 4 and 5 and in the central part of the loop between
helixes 2 and 3 on one subunit interact with residues at the corner
of helices 5 and 6 of the next subunit by specific hydrophobic

Fig. 3.

interactions. The interactions of Tyr59 and Tyr60 from the loop
between helices 4 and 5 and Gly77 and Leu78 from the loop
between helices 5 and 6 of the neighboring subunit define the
contact surface between two helical layers. In addition, the
contribution of further charged and uncharged side chains sug-
gests a more heterogeneous interaction network. The type III
interface is formed by residues from the end of helix 1 and the
sequential short loop on one subunit with helix 3 on the adjacent
subunit, mediating the contact of a helical strand with an adja-
cent helical layer (Fig. 3F). It is defined by interactions involving
both polar and hydrophobic side chains. The charged residues
Glul3, Glul9, and Arg4l are located close to this interface but
do not form specific salt-bridge interactions.

The Monomer Structure Is Maintained in the Filament. Mouse ASC-
PYD is soluble at low pH conditions, leading to well-folded,
monomeric species as indicated b5y the signal dispersion and
narrow line widths of the 2D ['°N,'H]-heteronuclear single-
quantum coherence (HSQC) spectrum (Fig. S44). Analysis of
the backbone secondary chemical shifts confirmed the position
of the six a-helices at positions 3-14, 17-29, 41-46, 49-59, 62-76,
and 80-84 as the secondary structure elements of mouse ASC-
PYD in solution. Thus these helices are located at the same
positions in the dissolved monomer as in the filament form.
Furthermore, a comparison of backbone dihedral angles ¢ and y
as predicted by TALOS+ (36) from the backbone chemical shifts
confirms that all secondary structure elements are equally
retained in the solution and filament forms of mouse ASC-PYD,
thus explaining the absence of major structural rearrangements
upon filament formation. A direct comparison of the backbone
chemical shifts of the monomer form of ASC-PYD in solution
with the filament form reveals a largely identical conformation,
with chemical-shift differences mostly smaller than 0.6 ppm.
Notable exceptions can be found; these exceptions point directly
to residues located at the subunit interfaces, where slight

40 50 60
ASC-PYD residue number

3D arrangement of the ASC-PYD filament. (A and B) Top (A) and side (B) views of the ASC-PYD filament in surface representation. The three helical oligomer

strands are colored blue, teal, and dark blue, and individual ASC-PYD subunits have alternating darker and lighter shades. (C) Four ASC-PYD monomers are shown in
surface representation as part of the filament using the color code in A and B. Three interaction interfaces IHII are indicated by dashed square rectangles. (D) Detailed
view of interaction interfaces HIl, respectively. Intermolecular atom-pair contacts observed as ambiguous peaks by solid-state NMR spectroscopy and identified by CANDID
are indicated by solid black lines. The residues defining interfaces |, I, and Il are labeled and colored orange, yellow, and red, respectively. (G) Chemical-shift differences
between solution- and solid-state chemical shifts for the nucleus "N, *Ca, and '3CB. Chemical-shift variations larger than the mean value are marked with different color
codes on the secondary structure elements. Residues that belong to the type |, II, and Il interfaces are marked in orange, yellow, and red, respectively. (H) Structural location
of the residues with significant chemical-shift differences between the monomeric and filament forms, as identified and using the color code in G. (/) Structural details of
interface type | as indicated by the dashed square rectangle in H. Side chains involved in intersubunit salt bridges are shown as stick models and with their sequence labels.
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Fig. 4. The CARD in the mouse ASC-FL filament is flexibly unfolded. (4) Solid-
state 2D ["°N,"H]-HSQC spectrum of [U-"3C,">N]-labeled ASC-FL. (B) Carbon-detected
refocused INEPT spectrum of [U-'3C,"*N]-labeled mouse ASC-FL. Random-coil
chemical-shift positions for the 20 common amino acids are reported as red dots.
(C) Model of the ASC-FL filament. Multiple ASC-PYDs (blue) provide the structural
scaffold for the filament formation; the ASC-CARDs (orange) remain flexible rel-
ative to the ordered filament core and probably exist in random-coil form.

conformational changes are induced by the packing effects upon
filament formation (Fig. 3 G-I and Fig. S4B-E). Thus these
chemical-shift data independently confirm the three asymmetric
interfaces that are characteristic of the filament architecture.

Conservation of the ASC-PYD Filament Architecture. A comparison
of the mouse ASC-PYD filament structure with the human ASC-
PYD filament (PDB ID code 3J63) (16) shows that the spatial
assemblies and the structures of the monomer subunits are
highly similar (Fig. S5). The structures of monomeric subunits
of human and mouse ASC-PYD from the respective filament
structures overlay with a backbone rmsd of 1.1 A. Also the 3D
arrangement of the subunits toward the filament structure shows
the same overall arrangement (helical parameters: 53° rotation,
14.2-A rise for mouse versus 52.9° rotation, 13.9-A rise for hu-
man). Although an agreement in the tertiary structure between
mouse and human ASC is expected, because they differ in only
20 of the 93 residues, the identity in the quaternary structure is
noteworthy. This finding suggests functional conservation of the
ASC polymerization mechanism as part of the innate immune
response system in mouse, human, and possibly other species.

Dynamics and Flexibility of the CARD. MAS solid-state NMR spectra
can be recorded with different polarization-transfer schemes. Ex-
periments based on cross-polarization (CP) techniques filter for
rigid parts of the assemblies, whereas INEPT-based experiments
monitor flexible parts of the molecular assemblies. Our initial CP-
based experiments of ASC-FL filaments have established that the
rigid parts of the filament are formed entirely by the PYD and that
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the CARD is a flexible part of the filament arrangement (Fig. 1).
Consequently, INEPT-based experiments (37) were used to obtain
spectral information_on the conformation and dynamics of this
domain. The 2D [*N,'HJ-INEPT spectrum of mouse ASC-FL
filaments shows a set of ~105 strong and multiple additional weak
backbone amide correlation cross-peaks, with chemical-shift values
in the random-coil region and the small dispersion typical of
flexible polypeptide chains (Fig. 44). These signals must arise
from the 14-residue linker and/or the 89-residue CARD, because
a corresponding INEPT spectrum of mouse ASC-PYD filaments
did not contain any peaks. Furthermore, the narrow dispersion of
amide proton chemical shifts indicates that the linker and prob-
ably a major part of or all the CARD populates a conformational
ensemble of flexibly unfolded structures in fast equilibrium,
similar to a random-coil ensemble. Consistently, 2D INEPT-
based ['H,'*C]-correlation spectra of the mouse ASC-FL fila-
ment also feature no significant chemical-shift dispersion, re-
sulting in the observation of few resonance correlations at the
random-coil chemical-shift position (Fig. 4B). In our prepara-
tions of the mouse ASC filament, the CARD thus is flexible
while attached to the well-folded, rigid filament core (Fig. 4C).

Robustness of the ASC Inflammasome Architecture. To test the physi-
ological effects of ASC mutations on inflammasome signaling and
to avoid overexpression artifacts, we reconstituted immortalized
mouse Asc”'~ macrophages with endogenous levels of WT and
mutant versions of N-terminally mCherry-tagged ASC-FL. Based
on the mouse ASC-PYD structure and previously reported studies
(38), mutations K21A and K26A in interface I were selected (Fig. 5
and Fig. S6). As expected, the induction of cell death and IL-1p
secretion upon activation of the PYD-containing inflammasome
sensors NLRP3 and absent in melanoma 2 (AIM2) was abrogated
by each of these mutations. Consistent with the deficiency in sig-
naling, no ASC specks could be detected in macrophages expressing
these two single-amino acid mutants. Furthermore, the induction of
cell death upon stimulation of the receptors NLRC4, which is ASC
independent (39, 40), is not affected by the K21A and K26A mu-
tations (Fig. S6D). However, the mutations significantly reduced
IL-1p release and completely abolished ASC speck formation dur-
ing Salmonella infection (Fig. S6D). In line with previous reports
that show the importance of functional ASC for these aspects of
NLRCH4 biology (40, 41). These data show that mutations in the
type I interface can prevent ASC speck formation and inflamma-
some signaling during activation of the three best-studied inflam-
masome receptors, NLRP3, AIM2, and NLRC4. The disruption of
filament formation upon mutation of lysine 21 or 26 to alanine
confirms the importance of the precise balance of charged residues
in interface I and suggests that the mechanism of filament assembly
proposed for the in vitro reconstruction is extendable to cell cul-
tures. This finding indicates that, independently of which ligand and
receptor induce inflammasome activation, the architecture of the
filaments in the ASC speck remains conserved.

Discussion

The integration of solid-state NMR data with a cryo-EM density
map used here toward a joint determination of structure is one of

Fig. 5. Effect of single point mutations on ASC-
dependent signaling. (A and B) Cell death as mea-
sured by lactate dehydrogenase (LDH) release (A) and
IL-1B secretion (B). (C) Overview images showing DNA
in blue and ASC in red in LPS-primed immortalized
mouse macrophages from the indicated genotypes:
wild-type (wt), Asc™~, or Asc”~ expressing endoge-
nous levels of wild-type (wt) or ASC-mCherry K21A
and K26A. Macrophages were stimulated with 5 mM
ATP. (Scale bars, 10 um.)

wt

Asc’ + Asc

K21A
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very few recent examples of this emerging approach. The other
published example comprises structural studies of the type III se-
cretion needle, also a helical arrangement (20, 42). Importantly, the
two techniques provide complementary information, leading to an
overall comprehensive description extending beyond the power and
resolution of cryo-EM or solid-state NMR alone. The EM density
map in combination with the identification of helix location and the
use of individual dihedral backbone angle restraints from solid-state
NMR data allow unambiguous determination of the backbone
structure de novo. Thereby, the amount of information for solid-
state NMR experiments can be increased gradually from backbones
to side chains to intermonomer correlations by recording and ana-
lyzing additional experiments. This feature allows a convergence of
the structure-determination procedure, as demonstrated here in the
stepwise protocol from models 1-3. The measurement of NMR
distance restraints, considerably more laborious than the determi-
nation of backbone angles, was shown to be consistent with, but not
necessary for, backbone localization. It did lead to a significant, al-
beit relatively minor, improvement of side-chain conformations.
The mouse ASC filament is a helical arrangement of individ-
ual PYDs mediated by electrostatic and hydrophobic inter-
molecular contacts along specific interfaces. The comparison
with the previously established human ASC-PYD filament (16)
shows that the molecular architecture is strongly conserved be-
tween the two species. The filament architecture thus is encoded
in the amino acid sequence of ASC and determines the correct
quaternary assembly upon inflammatory stimulation. This ob-
servation suggests that the molecular mechanism of the ASC-
dependent innate immune response is conserved and follows
the same biophysical principles in both species, implicating a
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biological role for the filament structure. Thereby, the helical
arrangement and the interfaces I-1II are in full agreement with
other reported helical arrangements of death domains (17, 43).
The CARD in ASC-FL filaments was found to be dynamic and at
least partially unfolded in our experimental conditions. Low
thermodynamic stability of a CARD has been reported before
[e.g., in the procaspase-1 CARD (44)], and a population shift
toward unfolded conformations upon filament formation might
constitute a general functional element of ASC. For example,
the dynamic nature of ASC-CARD could be required for the
interaction with downstream caspase-1, or it may reduce the
amount of CARD-CARD-mediated filament branching and
thus control the protein density in the 3D ASC speck in vivo. The
structure of mouse ASC filament provides an ideal basis for
structure-based mutagenesis, as demonstrated with our single point
mutation experiments in cultured macrophages. This approach
allows experiments at native expression levels of ASC, avoiding
artifactual induction of ASC filament formation.

Materials and Methods

Experimental details of sample preparation, cryo-electron microscopy, NMR
spectroscopy and the cell culture experiments are given in S/ Materials
and Methods.
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