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Death domain superfamily members typically act as adaptors
mediating in the assembly of supramolecular complexes with
critical apoptosis and inflammation functions. These modular
proteins consist of death domains, death effector domains,
caspase recruitment domains, and pyrin domains (PYD).
Despite the high structural similarity among them, only homo-
typic interactions participate in complex formation, suggesting
that subtle factors differentiate each interaction type. It is thus
critical to identify these factors as an essential step toward the
understanding of the molecular basis of apoptosis and inflam-
mation. The proteins apoptosis-associated speck-like protein
containing a CARD (ASC) and NLRP3 play key roles in the reg-
ulation of apoptosis and inflammation through self-association
and protein-protein interactions mediated by their PYDs. To
better understand the molecular basis of their function, we have
characterized ASC and NLRP3 PYD self-association and their
intermolecular interaction by solution NMR spectroscopy and
analytical ultracentrifugation. We found that ASC self-associ-
ates and binds NLRP3 PYD through equivalent protein regions,
with higher binding affinity for the latter. These regions are
located at opposite sides of the protein allowing multimeric
complex formation previously shown in ASC PYD fibril assem-
blies. We show that NLRP3 PYD coexists in solution as a mono-
mer and highly populated large-order oligomerized species.
Despite this, we determined its monomeric three-dimensional
solution structure by NMR and characterized its binding to ASC
PYD. Using our novel structural data, we propose molecular
models of ASC�ASC and ASC�NLRP3 PYD early supramolecular

complexes, providing new insights into the molecular mecha-
nisms of inflammasome and apoptosis signaling.

Proteins of the death domain superfamily mediate in apopto-
tic, innate immunity, and inflammatory responses mainly
through homotypic interactions (1). Specifically, they are
responsible for the assembly of large signaling complexes in
which kinases and caspases are activated (1– 4). Despite the lack
of sequence convergence within the superfamily, its members
are characterized by adopting the so-called death fold, consist-
ing of a globular fold with six �-helices arranged in a greek-key
topology (1, 3). However, some structural differences between
the subfamilies are observed within this common fold, includ-
ing different charge distributions throughout the protein sur-
face, diverse locations of hydrophobic patches, and the differ-
ent lengths of certain �-helices. These differences are thought
to lead to homotypic binding specificity (5), albeit certain het-
erotypic interactions are also known with proposed inhibitory
roles in apoptotic and inflammatory pathways (1, 6).

Detailed structural information on complexes formed by sev-
eral members of the death domain superfamily is available.
Some examples are the death domain interactions in the PID-
Dosome (7), the MyDDosome (8), the Fas�FADD (9, 10), and
the Pelle�Tube death domain complexes (11), among others. In
addition, structural studies on CARD�CARD3 interactions have
been reported for the Caenorhabditis elegans apoptosome (12),
the procaspase-9�Apaf-1 (13), and CED-4�CED-9 complexes
(14), together with the death effector domain-containing pro-
tein of the MC159 tandem complex (15). In contrast, little
information is currently available on the interactions estab-
lished by PYD domains (6, 16 –19). This kind of information is
key for designing strategies targeted to modulate complex for-
mation and thus develop therapeutic applications in the con-
text of inflammatory and apoptosis-related disorders (2, 20, 21).

Only three different types of death domain interactions
responsible for the formation of multimeric complexes have

* This work was supported in part by Spanish Ministry of Science and Innova-
tion Plan Nacional I�D�i Program, Grants BFU2008-03278 and BFU2011-
23797, and Programa Ingenio-2010-CONSOLIDER Grant CSD2009-00088
(to E. dA.). The authors declare that they have no conflicts of interest with
the contents of this article.

□S This article contains supplemental Table S1.
The atomic coordinates and structure factors (code 2NAQ) have been deposited

in the Protein Data Bank (http://wwpdb.org/).
NLRP3 chemical shifts were deposited in the BMRB under the accession number

25943.
1 Supported by Marie Curie Intra-European Fellowship Project 626526. To

whom correspondence may be addressed: German Center for Neurode-
generative Diseases (DZNE) �Max Planck Institute for Biophysical Chem-
istry, Am Fassberg 11, Göttingen-37077, Germany. E-mail: jaor@nmr.
mpibpc.mpg.de.

2 To whom correspondence may be addressed: Health Sciences Research
Institute, University of California at Merced, 5200 North Lake Rd.,
Merced, CA 95343. E-mail: edealbabastarrechea@ucmerced.edu or
edealba@cnb.csic.es.

3 The abbreviations used are: CARD, caspase recruitment domain; PYD, pyrin
domain; ASC, apoptosis-associated speck-like protein containing a CARD;
AUC, analytical ultracentrifugation; HMQC, heteronuclear multiple-Quan-
tum correlation; NOESY, nuclear Overhauser effect spectroscopy; TOCSY,
total correlation spectroscopy; r.m.s.d., root-mean-square deviation; PDB,
Protein Data Bank; GdnHCl, guanidine HCl; TCEP, tris(2-carboxyethyl)phos-
phine; NLRP3, NACHT, LRR, and PYD domains-containing protein 3.

crossmark
THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 291, NO. 37, pp. 19487–19501, September 9, 2016

© 2016 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

SEPTEMBER 9, 2016 • VOLUME 291 • NUMBER 37 JOURNAL OF BIOLOGICAL CHEMISTRY 19487

mailto:jaor@nmr.mpibpc.mpg.de
mailto:jaor@nmr.mpibpc.mpg.de
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.M116.741082&domain=pdf&date_stamp=2016-7-18


been characterized thus far (18, 22). The type I interaction
defines contacts between helices 1 and 4 of one death domain
and helices 2 and 3 of the other; the type II interaction occurs
when helix 4 and the loop connecting helices 4 and 5 of one
domain interact with the loop between helices 5 and 6 of the
other; and finally, the type III interaction includes contacts
between helix 3 of one domain and the loops linking helices 1
and 2 and helices 3 and 4 of the other domain (3). It is notewor-
thy that these binding interfaces do not overlap, and thus it is
possible for a single death domain to establish multiple interac-
tions (7, 18). It is assumed that all death domain subfamilies are
capable of forming these three interaction types. However,
important differences present in each type are believed to be
responsible for the homotypic specificity (18).

The apoptosis-associated speck-like protein containing a
CARD (ASC) and NLRP3 (also known as cryopyrin) are two
members of the PYD subfamily that play crucial roles in inflam-
masome activation. Upon the onset of danger signals, ASC and
NLRP3 activate the inflammasome leading to procaspase-1
activation and further proteolytic activation of the pleiotropic
inflammatory cytokines IL-1� and IL-18 (23). This process will
ultimately prompt NF-�B activation thus inducing proinflam-
matory responses (1, 2, 24 –27). ASC contains a PYD and a
CARD domain (28, 29), whereas NLRP3 carries a PYD, a nucle-
otide-binding oligomerization domain, and a leucine-rich
repeat domain (1). It is assumed that both proteins interact
through their PYD domains, whereas ASC and caspase-1 bind-
ing would be mediated by a CARD�CARD interaction, subse-
quently leading to a highly multimeric complex formation,
which is essential for the proteolytic activation of the initiator
caspases (30, 31).

The PYD domain is characterized at the structural level by a
large loop connecting helices 2 and 3, with the latter being par-
ticularly short (6, 17, 32–38). Despite the abundant structural
information reported for PYD domains (the three-dimensional
structures of 10 different PYD domains have been deposited in
the PDB) (6, 17, 29, 32–38), our understanding on the
ASC�NLRP3 PYD homotypic interaction is very limited. Several
models for this interaction have been proposed based on the
NLRP3 crystallographic structure and mutational data (4, 16),
in addition to the recent semi-atomic structure characteriza-
tion of ASC PYD mature fibril assemblies by cryo-EM and sol-
id-state NMR (18, 39).

We report here the three-dimensional solution structure of
NLRP3 PYD and a detailed study of ASC PYD self-association
and its interaction with NLRP3 by NMR and analytical ultra-
centrifugation (AUC) using different conditions of pH and
salinity. All in all, our data indicate that the ASC�ASC and
ASC�NLRP3 complexes share the same binding interface. How-
ever, we observed higher affinity for the heteromeric interac-
tion. Furthermore, using the available atomic structures and
our structural results on the interactions, we have built models
of the supramolecular complexes for both ASC�ASC an
ASC�NLRP3 PYDs, which provide molecular insights into the
first possible stages of inflammasome formation. In addition,
our data could be used to target ASC and NLRP3 proteins in the
design of therapeutic agents for the treatment of diseases asso-
ciated with inflammasome disjunction.

Results and Discussion

ASC PYD Self-associates through Two Opposing Binding
Interfaces with Similar Affinities—ASC self-association is an
essential step in the formation of macromolecular assemblies
like the pyroptosome and the inflammasome (40), which have
critical roles in cell death and inflammation. NMR or x-ray
crystallographic studies are necessary to characterize these
interactions at the atomic level. However, oligomerization
poses significant challenges for both techniques. It is well
known that ASC PYD solubility is too low at neutral pH for
conducting NMR experiments (29, 32). Therefore, previous
NMR attempts to characterize ASC PYD interactions used an
L25A mutant that is soluble at the typical NMR concentrations
(27, 37). Unfortunately, this mutation has been shown to dimin-
ish the binding capabilities of the protein (see below). Remark-
ably, recent advances in cryo-EM imaging and solid-state NMR
enabled the reconstitution at quasi-atomic resolution of ASC
PYD inside a fibril, providing novel structural details into the
homo-oligomerization mechanism of ASC (18, 39). However,
these groundbreaking structural reconstitutions only provide
detailed characterization on mature fibrils, leaving the initial
stages of aggregation still unrevealed.

To improve our limited understanding on PYD death
domain interaction, we have monitored ASC PYD self-associa-
tion by NMR under conditions that help increase protein solu-
bility. The chemical shift of NMR signals in 1H-15N HMQC
spectra of native 15N-labeled ASC PYD varies upon the addition
of unlabeled ASC PYD at different concentrations (Fig. 1A)
until reaching a plateau (Fig. 2A), indicating that the protein is
self-associating under these conditions. Once the titration
reaches an end, the resulting spectrum overlies that recorded at
high 15N-labeled ASC PYD concentration (Fig. 1A). The pres-
ence of a single set of signals during titration indicates that ASC
PYD self-association is fast on the NMR chemical shift time
scale. Residues with the largest chemical shift changes are
shown in Fig. 1B and appear highlighted in the structure of ASC
PYD (PDB code 2KN6 (29)) in Fig. 1D. Our results indicate that
self-association is mediated by two interacting surfaces, one
involving helices H1, H4, and H5 N terminus and the other
composed of helices H2, H3, and H5 C terminus (Fig. 1D).

In general terms, this finding agrees with previous muta-
tional studies on ASC PYD oligomerization (16, 41). However,
several mutations of solvent-exposed residues that abolished
ASC PYD self-association do not show, according to our data,
the largest variations in chemical shift upon interaction (like
Glu-13, Lys-21, and Asp-48, Fig. 1B). This discrepancy could be
explained if the absence of the interaction results from an over-
all destabilization of the protein structure caused by the muta-
tions, rather than from a perturbation of the interaction inter-
face in the complex. Moreover, in one mutational study, the
Thr-63A mutant does not seem to significantly affect ASC self-
association (16). However, given that Thr-63 is located at the
boundaries of the H1, H4, and N-terminal H5 interface (Fig.
1D), it is likely that its contribution to the interaction is minor.

Electrostatic interactions have been traditionally considered
as carrying most of the weight with PYD�PYD complex forma-
tion (16, 18, 37, 41). As a result, information on the importance

Solution Structure and Binding Properties of NLRP3 PYD

19488 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291 • NUMBER 37 • SEPTEMBER 9, 2016



of apolar or hydrophobic interactions is scarce. Our NMR titra-
tion data show several hydrophobic residues with some of the
largest chemical shift perturbations, including Ala-4, Leu-25,
Val-30, Leu-44, Leu-45, and Leu-68. Among them, Leu-25, Val-
30, and Leu-45 are sufficiently exposed to participate in side
chain-side chain interactions. Interestingly, these residues are
all located in the interface formed by H2 and H3. Our results
thus indicate that hydrophobic interactions play a critical role
in one of the two binding surfaces, in agreement with muta-
tional studies pointing to an important function for Leu-25 and
Leu-45 in ASC PYD filament formation (41). On the contrary,
the V30A mutant can still form filaments, probably because
Val-30 is located at the boundaries of H2-H3 interface, whereas
Leu-25 and Leu-45 show a central position in this interface (Fig.
1D). Besides, a significant number of the residues showing large

chemical shift perturbations have some degree of polarity (Thr-
16, Ser-46, Thr-63, Tyr-64, Met-76, and His-90), which indi-
cates that polar interactions are playing an important role in
self-association.

However, binding affinity data on ASC PYD self-association
is so far unknown, probably due to the previously mentioned
aggregation propensity of ASC PYD at neutral pH (29). NMR is
an optimum technique to obtain binding affinity constants that
fall within the micromolar to millimolar range. We have
selected some of the residues with the largest chemical shift
variations to obtain apparent values of the ASC PYD�PYD dis-
sociation constant (Fig. 2A). Our results indicate that both sur-
faces in ASC PYD (H1, H4, N-H5 and H2, H3, C-H5) self-asso-
ciate with similar affinity showing KD values in the micromolar
range (�40 to �100 �M).

FIGURE 1. ASC PYD interacts with other PYDs through two equivalent interfaces. A, superimposed SOFAST-HMQC spectra resulting from the titration of
15N-labeled (constant concentration) ASC PYD with unlabeled ASC PYD (increasing concentration, left). Some signals (e.g. Leu-12 NH) remain unmodified, and
other show clear changes in � upon ASC�ASC binding (e.g. Arg-5, Thr-16, or Asp-54 NHs). Similar shifts were observed upon titration with unlabeled NLRP3 PYD
(right). For comparison, the inset shows a representative region of the spectra in ASC�NLRP3 titrations where the observed shifts upon binding are equivalent
to those found in ASC�ASC. B and C, chemical shift changes upon binding versus residue sequence for ASC�ASC (B) and ASC�NLRP3 (C) interactions. Dashed lines
represent the threshold value calculated as 1.5 times the S.D. of the average chemical shift change obtained as explained under “Experimental Procedures.” D
and E, mapping on ASC PYD structure of exposed residues with � changes above the threshold value upon ligand binding for ASC�ASC (D, in red) and ASC�NLRP3
(E, in blue).
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However, because the observed chemical shift perturbations
are an average of the species resulting from the self-association
process, they do not provide the association state of ASC. To
gain insight into ASC PYD aggregation state, AUC experiments
were performed. The protein appears mainly monomeric in the
range of concentrations tested (50 –750 �M, Fig. 3A); however,
AUC data indicate a tendency of the protein to oligomerize
upon increasing concentrations, in agreement with the NMR
observations. Nevertheless, the increase in the association state
is very small precluding the determination of the oligomeric
state formed.

Solution Structure and Oligomerization Properties of NLRP3
PYD—The conformational behavior and self-associating capa-
bilities of NLRP3 PYD are not very well understood. Previous
work using multiangle light scattering coupled to size exclusion
chromatography indicates that NLRP3 PYD, although mainly
monomeric, can form dimers in solution at pH 5 and 150 mM

NaCl (36). However, the effect of protein concentration was not
analyzed. Here, we have used sedimentation velocity experi-
ments to study the effect of salt and protein concentration on
NLRP3 PYD aggregation (Figs. 3B and 4). We found that in the
absence of NaCl, NLRP3 PYD is mainly monomeric at low con-
centrations (peak at �1.5 S; Fig. 3B). At higher protein concen-
trations, the population of monomeric species decreases, and
several higher order oligomerized species are observed. In the

presence of NaCl, the population of monomeric species drasti-
cally decreases even at the lower protein concentration (Fig. 4),
which indicates that the presence of salt favors self-association
and could point to an important role of hydrophobic interac-
tions in the NLRP3 PYD aggregation process.

Results from the sedimentation velocity experiments agree
with the solution behavior of NLRP3 PYD observed by NMR.
At 0.2 mM protein concentration (pH 3.6, 303 K) in the absence
of salt, the NMR 1H-15N HSQC spectra of NLRP3 PYD shows at
least two sets of signals (Fig. 5A) as follows: one set clearly cor-
responds to the monomer according to the NMR signal lin-
ewidth, and the other set results from soluble aggregated spe-
cies. The presence of different sets of signals indicates that
monomer-oligomer formation is slow on the NMR chemical
shift time scale. It is noteworthy that on the basis of the sedi-
mentationvelocityexperiments(Fig.3B), lessthan20%ofmono-

FIGURE 3. AUC proves oligomerization of PYDs. A, sedimentation equilib-
rium analysis of ASC PYD at 74 �M in 20 mM glycine, 1 mM TCEP (pH 3.7).
Experimental data fit well to a model of the protein being monomeric (solid
line) but not to a dimer model (dashed line). The residuals of the fitting of the
experimental data to the monomeric model are shown. Plot at the bottom
shows the variation of the association state (Mw/M1) with protein concentra-
tion (50 –745 �M). B, sedimentation velocity plots for NLRP3 at different pro-
tein concentrations in 1 mM TCEP (pH 3.6). The percentage of monomeric
species in the samples (peak at �1.5 S) decreases as follows (from top to
bottom): 84.4, 77.3, 75.1, 69.3, 29.1, and 9.8%. Samples were polydisperse, and
the aggregation number of the oligomerized species could not be
determined.

FIGURE 4. NLRP3 aggregation is significantly enhanced in the presence of
NaCl. Sedimentation velocity plots for NLRP3 at different protein concentra-
tions in 1 mM TCEP, 100 mM NaCl (pH 3.6). Monomeric species (peak at �1.5 S)
decreases from top to bottom as follows: 33.9, 24.3, and 25%.

FIGURE 2. Dissociation constant (KD) values indicate preference of ASC
PYD for NLRP3 versus self-association. Changes in chemical shift versus
protein concentration for the ASC�ASC (A) and the ASC�NLRP3 (B) interaction.
KD values for the ASC�ASC interaction are as follows: Arg-5 (98 � 14 �M (r �
0.99)); Asp-10 (43 � 8 �M (r � 0.98)); Thr-16 (41 � 8 �M (r � 0.98)); Glu-19 (63 �
12 �M (r � 0.98)); Asp-54 (38 � 10 �M (r � 0.97)); Thr-63 (106 � 11 �M (r �
0.99)); Glu-67 (65 � 25 �M (r � 0.93)); Asp-75 (74 � 11 �M (r � 0.99)); and
His-90 (56 � 15 �M (r � 0.96)). KD values for the ASC�NLRP3 interaction are as
follows: Arg-5 (42 � 17 �M (r � 0.98)); Asp-10 (37 � 36 �M (r � 0.92)); Thr-16
(3 � 1 �M (r � 0.99)); Glu-19 (2 � 3 �M (r � 0.96)); Asp-54 (8 � 7 �M (r � 0.95));
Thr-63 (101 � 58 �M (r � 0.97)); Glu-67 (55 � 20 �M (r � 0.99)); Asp-75 (95 �
85 �M (r � 0.94)); and His-90 (71 � 47 �M (r � 0.96)). Note that the fittings
show poor quality for ASC�NLRP3 because of the lower ratio reached (1:3).
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meric species are present at 0.2 mM protein concentration, ren-
dering the NMR study with significant challenges. Moreover,
the intensity of monomeric NMR signals gradually decreases
with time (Fig. 5B), and signals disappear at higher concentra-
tion (Fig. 5C). Temperature increase (Fig. 5D) and the presence
of NaCl (Fig. 5E) also promote aggregation, in line with sedi-
mentation data (Fig. 4).

Despite the mentioned challenges, the solution structure of
NLRP3 PYD was calculated (Fig. 6). It consists of the typical
six-helix bundle motif, with a long loop connecting helices 2
and 3, with the latter being the shortest out of the six helices.
The backbone r.m.s.d. of the solution ensemble of conformers,
excluding and including loops, is 0.49 and 0.71 Å, respectively.
These results indicate the high convergence of the NMR data.
MolProbity structural check indicates a 65th percentile of clash
score and a 5.13% of poor rotamers. PROCHECK-NMR pro-
gram (42) shows that the NMR ensemble has 91.9% of the res-
idues in the most favored regions of the Ramachandran plot,
7.8% in additionally allowed regions, 0.3% in generously
allowed regions, and 0% in disallowed regions (supplemental
Table S1).

Overall, the NLRP3 PYD structure is similar to other PYD
domains (Fig. 7A), although by superimposing the different
structures, we found that it is more similar to NLRP4 and
NLRP10 than to NLRP1, NLRP7, or NLRP12 (6, 32, 35, 37, 38).

Strikingly, those NLRPs showing higher structural similarities
to NLRP3 (namely NLRP4 and NLRP10) contain an opposing
inhibitory role of the inflammatory response, whereas those
showing higher structural divergence contain a similar regula-
tory role (43). This points to the relevance of slight structural
divergences determining the specific functions of NRLPs.

Moreover, the crystallographic (36) and solution structures
of NLRP3 PYD share a high degree of resemblance, with a back-
bone r.m.s.d. value of 1.66 Å (Fig. 7B). The arrangement of
helices 2 and 3 (both involved in the dimer interface of the

FIGURE 5. Factors affecting NLRP3 aggregation: sample incubation time, protein concentration, temperature, and salt concentration. 1H-15N HSQC
spectra of NLRP3 at pH 3.6. A, 200 �M protein concentration and 303 K (conditions used for structural analysis). Sharp monomeric signals are observed together
with a central blurb coming from resonances of higher order species. B, same sample used in A after overnight incubation at 303 K. C, protein concentration of
650 �M, 303 K. D, protein concentration of 200 �M, 310 K. E, protein concentration of 200 �M, 303 K, and 100 mM NaCl.

FIGURE 6. NMR structure of NLRP3 PYD. Two different views of the super-
position of the 20 NMR conformers of NLRP3 PYD with the lowest energy,
showing a six-helix bundle (PDB code 2NAQ). Helices are color-coded (red,
helix 1; blue, helix 2; magenta, helix 3; cyan, helix 4; orange, helix 5; ivory, helix
6). The loop between helices 2 and 3 is colored in green. Superimposed resi-
dues (4 –28 and 41– 88) include helices 1– 6. The backbone r.m.s.d. is 0.49 Å.
The image was displayed with MOLMOL (65).
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crystallographic structure) and helix 4 shows the largest differ-
ences between both crystal and solution structures. In contrast,
side chain orientation of residues in close contact within the
dimer interface of the crystallographic structure is very similar
both in the NMR monomeric structure and the crystallographic
dimer (Fig. 7B). This is a striking result as side chain intermo-
lecular interactions likely contribute to the formation of the
dimer, and thus side chain orientation is expected to be differ-
ent in the monomeric solution structure. Besides, several con-
fronted residues in the dimeric crystallographic interface are
charged and therefore should induce repulsive interactions
(Fig. 7B). In addition, as mentioned above, NLRP3 PYD is
mainly monomeric at the concentrations used for crystalliza-
tion (36). Therefore, the evidence indicates that the dimeric
structure could result from a crystal-packing artifact, as sug-
gested previously (36, 37).

ASC PYD Interacts with NLRP3 PYD through the Same Bind-
ing Sites Involved in Its Self-association Albeit with Higher
Affinity—After studying the oligomerization capabilities and
conformational behavior of NLRP3 in solution, we attempted
to analyze a possible interaction between ASC PYD and NLRP3
PYD in solution. For this purpose, 1H-15N HMQC spectra of a
15N-enriched ASC PYD sample were recorded upon the addi-

tion of increasing amounts of unlabeled NLRP3 PYD. Chemical
shift changes of ASC NMR signals show binding of both PYDs
(Fig. 1, A, C, and E), indicating that ASC PYD self-association
and its interaction with NLRP3 PYD are mediated by almost
identical binding regions. This evidence agrees with a previous
study showing that upon mutation of critical residues in the
ASC PYD binding interfaces described, both ASC�ASC and
ASC�NLRP3 PYD interactions were identically diminished (16).
Moreover, the influence of hydrophobic interactions in
ASC�NLRP3 PYD binding is again highlighted in residues Leu-
25, Val-30, and Leu-45 (Fig. 1C).

In this case, it was also possible to measure the dissociation
constants from the NMR titration experiments, which fall
within the micromolar range (Fig. 2B). However, the determi-
nation of these dissociation constants is somewhat less accurate
than for the ASC�ASC PYD binding because NLRP3 increased
the tendency for aggregation, which precluded reaching the
plateau. Nevertheless, several accurate values were obtained
from the change in chemical shifts of Arg-5, Thr-16, Glu-19,
Asp-54, and Glu-67 (Fig. 2B). The average value for these resi-
dues is 22 �M, which indicates that the affinity of the
ASC�NLRP3 PYD complex is slightly higher. A comparable dis-
sociation constant was reported for the ASC�POP1 PYD inter-
action (� 4 �M; 27). However, no analysis on the oligomeric
state of ASC PYD was shown in that study.

ASC PYD Self-association and Interaction with NLRP3 Are
Enhanced by Increasing the pH and NaCl Concentration of the
Milieu—Because we have already shown both by NMR and
AUC that the presence of salt enhances NLRP3 PYD oligomer-
ization, we also analyzed its potential effect on ASC PYD self-
association and its interaction with NLRP3 PYD. In the pres-
ence of 100 mM NaCl, the 1H-15N HMQC spectrum of ASC
shows characteristic patterns corresponding to the ASC�ASC
interaction, as if the protein had already oligomerized (Fig. 8A).
Analogously, the first spectra obtained during the titrations in
the present of salt are more similar to the spectra obtained at
the end of the titration with no salt, indicating that the complex
is formed even at lower protein concentrations under these
conditions.

The effect of pH in the ASC�ASC and ASC�NLRP3 PYD inter-
actions was also studied. NMR 1H-15N HMQC spectra of
labeled ASC PYD at pH 5.8 were acquired upon the addition of
unlabeled ASC and NLRP3 PYD. Even though significant pre-
cipitation occurred, changes in chemical shift values were
observed (Fig. 8, B–D). The obtained data indicate that the
binding regions at higher pH are very similar to those found at
more acidic pH.

ASC PYD L25A Mutation Hinders ASC Interaction through
the H2-H3 Face—The L25A mutant has been typically used in
ASC PYD interaction studies because of its enhanced solubility
(27, 37). In agreement with previously reported data (16), the
KD values that we obtained from the NMR titration studies of
ASC L25A PYD with itself indicate a reduced tendency to self-
associate (Fig. 9). The average KD value for self-association is
165 �M compared with the average value obtained for the wild
type of 65 �M (Fig. 2A). However, the binding interfaces remain
H1, H4, and N-terminal H5 and H2, H3, and C-terminal H5
(where the L25A substitution is located). Interestingly, the

FIGURE 7. Comparison of NLRP3 PYD with other pyrin domains. A, super-
position of the known three-dimensional solution structures of NLRP pyrin
domains to NLRP3 PYD represented as ribbon diagrams (PDB codes: NLRP3,
2NAQ; NLRP1, 1PN5; NLRP4, 4EWI; NLRP7, 2KM6; NLRP10, 2DO9; and NLRP12,
2l6A). Blue (NLRP3), magenta (NLRP1), ivory (NLRP4), cyan (NLRP7), orange
(NLRP10), and pink (NLRP12) are shown. Helices are numbered. Superimposed
residues belong to helices 1, 2, and 4 – 6. Helix 3 (absent in NLRP1, NLRP10,
and NLRP12) and the loop connecting helices 2 and 3 were excluded because
of significant conformational variability. The r.m.s.d. values between NLRP3
and the other PYDs are as follows: NLRP4, 3.9 Å; NLRP10, 3.4 Å; NLRP1, 4.9 Å;
NLRP7, 5.2 Å; and NLRP12, 5.9 Å. B, superposition of the crystallographic
dimeric structure of NLRP3 PYD (green, PDB code, 3QF2; Ref. 36) onto the
monomeric NMR structure (blue). The image at the right side shows a detailed
view of the dimeric interface, including side chain orientation. The image was
displayed with MOLMOL (65).
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NMR analysis for the L25A mutant shows that the mutation
induces structural changes in key residues located in the inter-
face formed by helices H2, H3, and H5 C terminus (particularly
in the vicinity of Leu-25 and Leu-45, Fig. 10) and around residue
Thr-16, also positioned between the two interfaces. Remark-
ably, it was proposed that residue Lys-24 is critical for stabiliz-
ing H3, and therefore L25A could show a destabilized H3 and
hence reduced binding capabilities (17).

In addition, these structural effects on the H2-H3 interface
provide a possible explanation for previous studies reporting
that the L25A mutant interacts with the PYD-only protein
POP1 exclusively through the H1-H4 interface of ASC PYD
(27). Interestingly, the relevance of this interface for complex
formation was discussed recently regarding ASC�NLRP10 PYD
interaction (38). Moreover the L25A mutant was also used to
test the interaction between ASC and NLRP4 PYDs with nega-
tive results (37). More importantly, the L25A mutant was
shown unable to form fibrils (41), likely because the interaction

through H2-H3 interface is diminished and therefore only
dimers interacting through H1-H4 interface can be formed
with no possibility of further oligomerization. Besides, the area
where Leu-25 is located was shown to be critical for the stability
of H3 in the protein AIM2 PYD, which likely has an effect in the
protein interaction capabilities (17). All the evidence supports
the importance of using WT ASC PYD rather than solubility-
enhanced variants for interaction studies.

NLRP3 Binding to ASC—In spite of the high tendency of
NLRP3 PYD to aggregate, we were able to perform NMR titra-
tions adding unlabeled ASC and to monitor the regions of the
protein affected by the interaction. NLRP3 1H-15N HMQC
spectra show severe signal overlap in the amide central region
(Fig. 5), precluding the analysis of residues with chemical shift
values that fall within this area. Nevertheless, we could monitor
the changes in � upon titration of up to 76% of the total number
of signals (Fig. 11A). We observed the following two opposing
interfaces on NLRP3 that would be directly involved in associ-
ation with ASC (Fig. 11, B and C): one interface involves �-helix
H1, the N terminus of H2 and H4 (residues Arg-9, Tyr-10, Glu-
13, Asp-14, Val-18, Asp-19, Leu-20, Ala-47, Asp-48, Val-50,
Asp-51, Lys-84, and Asp-88). and the other is formed by H5

FIGURE 8. ASC PYD mode of interaction in different conditions. A, top,
regions of SOFAST-HMQC spectra of ASC at different concentrations showing
typical shifts upon ASC�ASC binding in the absence and presence of NaCl. Top,
blue, 50 �M

15N ASC; green, 50 �M
15N ASC � 500 �M ASC; red, 50 �M

15N ASC,
100 mM NaCl. Bottom, red, 50 �M

15N ASC, 100 mM NaCl (same as in top); black,
50 �M

15N ASC � 250 �M ASC, 100 mM NaCl. B and C, chemical shift differences
versus residue number of ASC PYD upon binding for the ASC�ASC and
ASC�NLRP3 interaction at pH 5.8 (both at a ratio of 1:5 protein/protein con-
centration). D, residues with the largest chemical shift differences upon bind-
ing are mapped in the three-dimensional structure (red and blue for the
ASC�ASC and ASC�NLRP3 interaction, respectively).

FIGURE 9. ASC L25A mutant shows reduced binding affinity. A and B, map-
ping of the exposed residues undergoing above-threshold changes in � for
ASC L25A upon self-binding (A) and NLRP3-binding (B). C, KD values for the
ASC L25A�ASC L25A interaction are as follows: Arg-5 (120 � 42 �M (r � 0.95));
Leu-9 (143 � 61 �M (r � 0.92)); Thr-16 (126 � 55 �M (r � 0.92)); Glu-19 (174 �
76 �M (r � 0.92)); Thr-63 (375 � 264 �M (r � 0.87)); Glu-67 (216 � 49 �M (r �
0.98)); His-90 (214 � 115 �M (r � 0.90)). D, KD values for the ASC L25A-NLRP3
PYD interaction are as follows: Arg-5 (23 � 20 �M (r � 0.93)); Leu-9 (49 � 32
�M (r � 0.96)); Thr-16 (3 � 5 �M (r � 0.91)); Glu-19 (4 � 7 �M (r � 0.85)); Thr-63
(51 � 32 �M (r � 0.96)); Glu-67 (7 � 6 �M (r � 0.94)); His-90 (21 � 17 �M (r �
0.94)).
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�-helix (residues Thr-4, Gly-35, Ile-37, Phe-59, Gly-61, Glu-63,
Trp-66, Ala-67, Val-70, Trp-71, Ala-74, Glu-89, and Lys-91).
Interestingly, signal shifts observed upon titration with ASC
coincide in direction with those observed when a higher con-
centration of NLRP3 is used (Fig. 11A), indicating that NLRP3
self-associates using identical interfaces as those used for its
interaction with ASC PYD (as it occurs in ASC PYD). In gen-
eral, these interfaces coincide with those in pyrin involved in
binding to ASC PYD (44). As in the case of PYD ASC, the pres-
ence of opposing interfaces for the interaction enables the for-
mation of oligomeric ASC�NLRP3 PYD heteromolecular
complexes, which is the basis for inflammasome molecular
activation (Fig. 12) (1– 4, 18).

Supramolecular Complex Models of ASC�ASC and ASC�NLRP3
Oligomers—Using the NMR data on the specific residues critical
for interaction, we generated several models of the dimeric com-
plexes formed by docking the interfaces observed. Specifically, for
ASC�ASC PYD pair we only obtained continuous oligomeric
structures using as unity the complex formed by ASC PYD H1-H4
with ASC PYD H2-H3 (Fig. 13). In turn, this second PYD domain
would still contain an accessible H1-H4 interface, which we used

as a template for the structural alignment of a second ASC�ASC
pair. Given the distribution of charged residues in the domain, we
can clearly observe differently charged interfaces that could pro-
mote polymerization (Fig. 14A).

In this way, the structure obtained is an intertwined helical
fibril, which somehow resembles the mature ASC PYD fibril
described recently by cryo-electron microscopy (18). However,
these mature fibrils contain a helicoidal arrangement of PYD
domains with six repeats per turn, with much larger dimensions
than the resulting fibril obtained based on our NMR data. Inter-
estingly, the authors also show that the fibrils grow significantly
fast from protofibrils with small dimensions to larger assem-
blies. The mature fibrils are stabilized by three types of interac-
tions between the PYD subunits with the type I as dominant
and the only one found within each strand, whereas type II and
III are highly variable and are found between the strands stabi-
lizing the mature fibril. In our experimental conditions, we only
observed the type I of interaction (Figs. 1, B and D) (13). Besides,
the structure of the ASC PYD domain inside the mature fibrils
is perturbed (18), with significant conformational changes on
H3, which the authors attribute to conformational rearrange-
ments. Along these lines, the type I interaction characterized
here is slightly different from the one described in the mature
fibril. We observed the following three critical electrostatic
clusters in our dimer: Glu-18 and Glu-19 from H2 contact with
Arg-5 from H1; Lys-21 from H2 interacts with Asp-6 and
Asp-10 from H1; and Lys-22 and Lys-26 from H2 interact with

FIGURE 10. Structural perturbations caused by the L25A mutation. A,
chemical shift differences between wild type and mutant (L25A) ASC PYD
versus residue number. B, mapping of the largest chemical shift variations
onto the ASC PYD structure. Leu-25 is shown in red. The strongest structural
effects (shown in “blue”) involve H2-H3.

FIGURE 11. NLRP3 PYD interacts with ASC PYD through similar interfaces.
A, superimposed SOFAST-HMQC spectra acquired in the titration of 15N-la-
beled NLRP3 with ASC. NLRP3 severe aggregation precluded titration data at
molar ratios higher than 1:1. Peak shifts upon titration with ASC reproduce
those observed at high NLRP3 concentration, indicating that NLRP3 PYD self-
association and its interaction with ASC PYD employ identical interfaces. B and C,
mapping of the NLRP3 residues undergoing above-threshold � upon ASC bind-
ing shows similar interfaces (H1, N-terminal H2, H4, and H5) to those found in ASC
(Fig. 1) and in pyrin (44). Note that the magnitude of � in this case is significantly
lower than for ASC PYD (Fig. 1, B and C; the scale on the y axis is maintained for
comparison), and those residues whose resonances appeared in the central
blurb were discarded from this mapping (Cys-6, Lys-7, Leu-8, Ala-9, Lys-21, Leu-
27, Lys-34, Leu-55, Ile-57, Ala-65, Arg-78, Arg-79, and Tyr-82).
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Asp-47 from H4 (Fig. 14A). In contrast, the electrostatic clus-
ters found in the type I interaction observed in the mature fibril
were as follows: Lys-21 from H2 interacts with Asp-48 and
Asp-51 from H3-H4; Lys-22 and Arg-41 from H2-H3 interact
with Asp-54 from H4; and Lys-26 from H2 contacts with Arg-3
and Arg-5 from H1 (18). In general lines, these differences
result from the rotation of one protomer relative to the other.
Remarkably, in the protofibril proposed here, the residues
responsible for the type II and III interactions found in the
mature fibril remain accessible, and therefore, it would still be
possible to pack protofibrils laterally to form the mature fibril.

Nonetheless, whether the so-called protofibril we describe
here represents relevant initial steps of fibrillization is still to be
investigated. However, it is worth mentioning that among the
12 residues mutated in the study with effects in fibril formation

(18), seven participate in the dimer interface shown here (Glu-
13, Lys-21, Lys-22, Lys-26, Arg-41, Leu-50, and Asp-51).
Another ASC�ASC PYD homodimer model has been proposed
(16). In this case, the arrangement of the protomers is signifi-
cantly different from what our NMR data indicate (Fig. 14B).
The differences might arise from the low number of restraints
used in the mentioned study to drive the docking calculations.

The interaction between ASC and NLRP3 PYDs has re-
mained elusive in in vitro studies despite much evidence of its
occurrence in vivo (27). However, NMR data clearly indicate
the presence of such interaction under our experimental con-
ditions. Based on the titration results, we modeled by docking
four different types of binding between ASC and NLRP3 PYDs
that agree with the interaction interfaces characterized on
monomeric PYDs (Figs. 1 and 11) as follows: ASC H1-H4/

FIGURE 12. Summary of the binding interfaces of the PYDs studied. A, overlay of the solution structures of ASC PYD (dark gray, PDB code 2KN6) and NLRP3 PYD
(light gray, PDB code 2NAQ) showing a good alignment (backbone r.m.s.d. 3.6 Å). B, mapping of the binding interfaces observed in ASC PYD. This orientation clearly
shows that both interfaces are found in opposing sides of the structure. C, in NLRP3 PYD, those interfaces do not seem to follow the same orientation as in ASC.

FIGURE 13. ASC PYD oligomeric fibril formation based on the monomer NMR data. Using the ASC�ASC PYD dimeric complex formed by the type I
interaction (H1–H4 helices of one domain binding to H2–H3 of the other domain) as unit template, we generate a double-helical fibril that could polymerize
based on charge complementarity (Fig. 14). The ribbon diagram represents the best dimer obtained by Haddock (one ASC PYD unit is colored in green and the
other in light blue). The selected residues that drive the docking calculation are represented in sticks. The colored circles represent the type I interaction taking
place for fibril formation. Each replicate is axially rotated �38°. The structures were aligned and represented with PyMOL (73).
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NLRP3 H1-H4; ASC H1-H4/NLRP3 H5; ASC H2-H3/NLRP3
H1-H4; and ASC H2-H3/NLRP3 H5 (Fig. 15). By structural
alignment of consecutive pair units we built the oligomeric
structure shown in Fig. 15.

Strikingly, by using only restrictions based on our NMR data,
we could build a hexameric ring that reproduces the classical
platform architecture formed by other death domain superfam-
ily members (45). The rotational symmetry in this model is of
the 6th order, whereas different apoptosomes from C. elegans,
human, and Drosophila melanogaster display 4-, 7-, and 8-fold
symmetry, respectively (45). Double-ring structures were also
described for NLRP1 with 5- and 7-fold symmetry (46), and the
NLRC4 inflammasome was shown as a ring structure with
11-fold symmetry (47). NLRP3 self-oligomerization via its
NACHT domain is also proposed to form hexameric/heptam-
eric rings (2). Importantly, the PYD-only hexameric ring
described here shows the same symmetry as the PYD-only
fibrils described recently (18), with similar dimensions of the
inner hub (24.6 Å versus 20 Å in the fibril). These dimensions
are also similar to those from other death domain oligomeric
protein rings described elsewhere (reviewed in Ref. 48 and ref-
erences therein). Furthermore, several residues from NLRP3
that were previously found to be involved in its interaction with
ASC PYD (18) were also found to be critical for the interactions

stabilizing the ASC�NLRP3 ring (namely Glu-15, Lys-23, Glu-
64, and Asp-82).

Similarly to what was previously found in PYD fibrils (18, 39),
the topology of the ring (Fig. 15B) makes the CARD domains of
ASC molecules accessible for further interaction given the flex-
ibility of the linker between ASC PYD and CARD domains (29).
This flexibility could in turn serve as a mechanism for oligomer-
ization into ring structures (45, 48). Interestingly, several muta-
tions associated with hereditary periodic auto-inflammatory
syndromes were found in the PYD of pyrin protein (49, 50). The
residues involved in some of these disease-related mutations
(corresponding to Tyr-11, Val-18, Lys-24, Arg-41, and Asp-90
of NLRP3) are located in the ASC�NLRP3 interaction interfaces
described here. Thus, it is reasonable to speculate that those
mutations could hamper the formation of the ring shown here.

In our study we also show that the PYD�PYD dimeric inter-
action is low affinity. This feature, typical within the death
domain superfamily (3, 45), might allow the formation of
flexible oligomeric structures that would recruit more com-
ponents to form robust multimeric ensembles. Although
ASC�NLRP3 PYD interaction is of higher affinity, we cannot
discard simultaneous self-association and heteromeric
interaction. Thus, different combinations would result in
different supramolecular complexes formed. Indeed, an
auto-inhibition mechanism is proposed to occur in NLRP3
through oligomerization by its leucine-rich repeat domain
(18), and thus the oligomerization properties might be dif-
ferent from the ones described here. Therefore, it is of par-
amount importance to describe in detail the supramolecular
structure of the oligomeric rings triggering NLRP3 inflam-
masome activation.

All in all, the study reported herein expands our understanding
of the role of PYD domains in NLRP3 inflammasome formation.
Our results likely represent the initial stages of the oligomer-
ization process in the activation cascade and provide insight
into the molecular basis underlying this labyrinthine mech-
anism. Such insight is in fact of critical importance to target
specific oligomeric structures or oligomerization steps in
NLRP3 inflammasome formation in the therapeutic treat-
ment of a wide range of diseases (23, 25, 51). Along this line,
our results anticipate that NMR spectroscopy can be used as
a powerful, robust technique for the detailed analysis of
antagonists of inflammasome complex formation.

Experimental Procedures

Protein Cloning, Expression, and Purification—Human
ASC PYD (residues 1–90; UniProtKB/Swiss-Prot accession
number Q9ULZ3), ASC PYD L25A mutant, and NLRP3 PYD
cDNAs (residues 3–93; UniProtKB/Swiss-Prot accession
number Q96P20) were cloned into pET15b expression vec-
tors (Novagen). ASC PYDs contained an N-terminal six-his-
tidine tag and a thrombin cleavage site, whereas NLRP3 did
not contain tags to avoid any possible perturbation in its
solution structure.

Proteins were expressed in C41(DE3) Escherichia coli strain
(52). For unlabeled protein production, cells were grown in LB
media, whereas isotopic labeling was achieved in M9 minimal

FIGURE 14. Electrostatic complementarity of ASC PYD dimer and compar-
ison with a previously proposed dimer. A, structural model of the ASC PYD
dimer template used to create the fibrils shown in Fig. 10. Side chains of
residues involved in the interaction are shown in color to differentiate the
positive (blue) and negative (red) net charge. Both the interaction interface
and the interfaces remaining at the other end of the domains show comple-
mentary charges, allowing for the polymerization of the fibril. B, comparison
of our ASC PYD dimer (gray) with one proposed previously (red) (16). The first
protomer of each dimer are aligned for clarity showing the different orienta-
tion of the remaining protomer in both dimer models.
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media supplemented with 15NH4Cl or [13C]glucose as the sole
nitrogen and carbon sources, respectively. Overexpression
of the recombinant proteins was induced during 4 h at 37 °C by
the addition of 1 mM isopropyl �-D-1-thiogalactopyranoside to
the respective cultures after an A600 �0.8 was reached. Bacterial
pellets were resuspended in 50 mM Tris-HCl (pH 8.0), and cells
were lysed by sonication. The soluble fraction was removed by
centrifugation at 48,000 � g for 30 min. Inclusion bodies were
then washed twice in the aforementioned buffer. The resulting

pellet was then dissolved in the presence of 6 M GdnHCl and
centrifuged at 48,000 � g for 1 h.

ASC PYD was purified by Ni2�-affinity chromatography.
Specifically, pellets were dissolved in 20 mM Tris-HCl, 500 mM

NaCl, 5 mM imidazole, 6 M GdnHCl (pH 7.9) (binding buffer).
His Bind resin (Novagen) was charged according to the man-
ufacturer’s instructions. Protein was attached to the resin using
binding buffer and washed in the presence of 20 mM imidazole.
Elution was achieved by using binding buffer in the presence of

FIGURE 15. Proposed ASC�NLRP3 PYD oligomeric complex. A, four different types of interaction between ASC and NLRP3 PYDs are possible based on
our NMR data as follows: ASC H1-H4/NLRP3 H5; ASC H1-H4/NLRP3 H1-H4; ASC H2-H3/NLRP3 H5; and ASC H2-H3/NLRP3 H1-H4. ASC PYD and NLRP3 PYD
are shown as ribbon diagrams and colored in green and purple, respectively. The residues highlighted as stick representation in the structures were used
to drive the specific dockings. In each pair, a green circle represents ASC PYD, and a purple square represents NLRP3 PYD, and the numbers indicate the
corresponding type of interaction. B, hexameric ring modeled using as template the resulting docking pairs of the different dimeric units shown in A.
ASC PYD, ASC CARD, and ASC linker and NLRP3 PYD are colored in green, blue, gray, and purple, respectively. The C termini of NLRP3 PYDs placed in the
ring point to the bottom of the image shown on the right. The structures were structurally aligned and represented with PyMOL (73).
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1 M imidazole. Immediately after elution, the protein was sub-
jected to several dialysis steps against H2O (pH 4.0) to slow
protein self-association processes. The sample was subsequently
purified by reverse phase chromatography using a pre-packed C8
column (Higgins Analytical). Binding buffer consisted of 5% ace-
tonitrile, 0.1% trifluoroacetic acid (TFA), and elution buffer was
95% acetonitrile, 0.1% TFA. As described previously and contrary
to WT ASC PYD (35, 37), ASC PYD L25A mutant remains in the
soluble fraction and thus could be purified in non-denaturing con-
ditions. A single Ni2�-affinity chromatography purification step
was performed for this protein.

NLRP3 PYD was purified using a double-reverse phase chroma-
tography, the first one performed in denaturing conditions. C4
resin (Applied Separations) was equilibrated in 20 mM Tris-HCl,
500 mM NaCl, 6 M GdnHCl, 0.1% TFA. Inclusion bodies extract
(resuspended in the same buffer used for C4 resin equilibration)
was slowly bound to the resin in several cycles. Once the protein
was bound, the column was re-equilibrated in 5% acetonitrile, 0.1%
TFA using a very slight gradient, and protein was eluted in 60%
isopropyl alcohol, 40% acetonitrile, 0.1% TFA. Different fractions
of the chromatogram (with different purity) were pooled, lyophi-
lized, and resuspended in 5% acetonitrile, 0.1% TFA prior to their
subsequent purification in regular reverse phase chromatography
using a C8 pre-packed column as described above.

After purification, all three proteins were �95% pure, as
monitored by SDS-PAGE, and the correct molecular weight
was calculated from MALDI-TOF mass spectrometry data.
Proteins were lyophilized and stored for subsequent studies.

NMR Spectroscopy for Binding Studies—Unless otherwise
stated, NMR experiments were acquired on a Bruker Avance
600 MHz spectrometer equipped with a triple-resonance cryo-
genic probe and on a Bruker Avance III 600 MHz spectrometer
with a triple-resonance, three-axis gradient probe in 20 mM

glycine, 5 mM d15-TCEP, 0.1 mM NaN3, 10% D2O (pH 3.7)
buffer at 303 K. Fast two-dimensional 1H-15N correlation spec-
tra (SOFAST-HMQC, 53) were acquired to monitor chemical
shift (�) changes upon protein binding because of the propen-
sity of ASC PYD and NLRP3 PYD to self-associate even at low
pH. Self-association is particularly severe for NLRP3 PYD
according to NMR and AUC data (see above). A concentration
of 50 �M of the 15N-labeled protein was used in the titration exper-
iments to minimize � changes resulting from intrinsic self-associ-
ation. The unlabeled ligand protein in lyophilized form was added
directly to the protein solution followed by pH adjustment. Protein
concentrationinthemixtureswasrandomlycheckedbyUVabsor-
bance resulting in errors smaller than 10%. Higher molar ratio in
the ASC�ASC titration relative to the ASC�NLRP3 titration was
achieved as severe NLRP3 protein aggregation beyond 150 �M

concentration occurs (see above). Amide 1H-15N chemical shift
values for ASC PYD were obtained from previous assignment of
full-length ASC (54) and confirmed by classical three-dimensional
15N-1H NOESY-HSQC (110-ms mixing time) and 15N-1H
TOCSY-HSQC (60-ms mixing time) experiments. ASC PYD
L25A mutant showed significant perturbations in � relative to WT
ASC PYD, and thus a three-dimensional 15N-1H TOCSY-HSQC
(60-ms mixing time) experiment was acquired to get full backbone
assignment. NLRP3 PYD full assignment is described below. NMR

spectra were processed with NMRPipe (55) and analyzed with
SPARKY (56).

Calculation of Dissociation Constants—The observed � val-
ues in the NMR titration experiments are weighted average
values of the free and bound forms of the protein because the
exchange rate between both forms is fast on the NMR chemical
shift time scale. The difference in � (�dav) was obtained as fol-
lows: ((�1Hbound 	 �1Hfree)2 � (�15Nbound 	 �15Nfree/5)2)1/2.
Those residues showing �dav values higher than 1.5 S.D. upon
ligand binding and with a total solvent exposure index larger
than 30% as calculated by GETAREA (57) were defined as crit-
ical for the corresponding interaction. To obtain dissociation
constants (KD), the �dav versus ligand protein concentration
plots were fit to the equation as follows: �dav � �dmax(KD �
L � P0) 	 ((KD � L � P0) 	 4P0L)1/2/2P0, where P0 is protein
concentration (50 �M), and L is total ligand concentration (58).
Data fitting was done with OriginPro 8 (OriginLab).

NMR Spectroscopy for NLRP3 Structural Studies—NMR
samples were prepared at 0.1– 0.2 mM NLRP3 PYD in 5 mM

d15-TCEP, 0.1 mM NaN3, 5% D2O (pH 3.6). NMR experiments
were acquired at 303 K in a Bruker Avance 600 MHz spec-
trometer equipped with a triple-resonance cryogenic probe.
Sequence backbone assignments were obtained from the
following experiments: 1H-15N HSQC, three-dimensional
HNCACB, and three-dimensional CBCA(CO)NH. Side chain
assignments were obtained from three-dimensional HBHA-
(CO)NH, three-dimensional H(CCCO)NH TOCSY (22.5-ms
mixing time), and three-dimensional HCCH TOCSY (15-ms
mixing time). NOE data were obtained from three-dimensional
15N-1H-1H NOESY (110-ms mixing time) and three-dimen-
sional 13C-1H-1H NOESY (120-ms mixing time). Information
on NMR experiments for protein structure determination can
be found elsewhere (59, 60). All experiments were processed
with NMRPipe (55) and analyzed with PIPP (61).

NLRP3 Structure Calculation—Peak intensities from NOESY
experiments were translated into a continuous distribution of
interproton distances. Distances involving methyl groups, aro-
matic ring protons, and non-stereospecifically assigned methylene
protons were represented as a summation averaging, (�r	6)	1/6

(62). Errors of 25 and 40% of the distances were applied to obtain
lower and upper distance limits. The lower limit of some distance
restraints that appeared smaller in the resulting structures for pro-
tons belonging to sequential amino acids was increased to 50%. A
total of 32 hydrogen bond distance restraints (rNH-O � 1.9–2.5 Å
and rN-O � 2.8–3.4 Å) was defined according to the experimen-
tally determined secondary structure of the protein. The
TALOS� program was used to obtain 81 � and � restraints for
those residues with statistically significant predictions, and the
associated predicted errors were used. Structures were cal-
culated with the program X-PLOR-NIH 2.16.0 (63). The
starting structure was heated to 3000 K and cooled in 10,000
steps of 0.002 ps during simulated annealing. The final
ensemble of 20 NMR structures was selected based on lowest
energy and no restraint-violation criteria. The 20 lowest
energy conformers have no distance restraint violations and
no dihedral angle violations greater than 0.5 Å and 5°,
respectively. Structure quality was assessed with PRO-
CHECK-NMR (42) and MolProbity (64). Structures were
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analyzed with MOLMOL (65). Atomic coordinates were
deposited in the Protein Data Bank with accession code
2NAQ.

Analytical Ultracentrifugation—AUC analysis of ASC PYD
and NLRP3 PYD was performed in an XL-A analytical ultracen-
trifuge (Beckman-Coulter Inc.) with UV-visible optics detec-
tion system, using an An50Ti rotor and 3- or 12-mm double-
sector centerpieces.

Sedimentation equilibrium experiments were performed on
ASC PYD samples (50 –745 �M) resuspended in 20 mM glycine,
1 mM TCEP (pH 3.7) at several speeds (16,000 and 20,000 rpm)
and the adequate wavelength (256 –292 nm), using short col-
umns (23 or 90 �l, depending on the pathlength, 3 or 12 mm,
respectively). After the equilibrium scans, a high speed cen-
trifugation run (48,000 rpm) was performed to estimate the
corresponding baseline offsets. Weight-average buoyant
molecular mass of ASC PYD samples was determined by
fitting data to the single species model using the Hetero-
analysis program (66). The molecular masses of the proteins
were determined from the experimental buoyant values
using 0.74 ml/g as the partial specific volume for ASC PYD
(calculated from the amino acid composition using the
SEDNTERP program (67)).

Non-ideality correction due to very high concentrations of
protein was estimated according to Ref. 68. The actual weight-
average molecular weight is related to the apparent weight-
average molecular weight obtained experimentally by the sim-
ple Equation 1 (69),

Mw, a � Mw exp 
	7.86 	 Wtot� (Eq. 1)

where Mw, a is the experimentally measured apparent weight-av-
erage molecular weight, and 	 is the experimentally measured par-
tial specific volume of the protein (we used the calculated 	 from
the amino acid composition with SEDNTERP (67)).

Sedimentation velocity experiments were carried out at
48,000 rpm and 20 or 30 °C. Samples of ASC PYD ranged from
50 to 745 �M. Samples of NLRP3 PYD (9.8 –243 �M) were resus-
pended in H2O, 1 mM TCEP (pH 3.6). Sedimentation profiles
were registered every 5– 8 min at the adequate wavelength.
The sedimentation coefficient distributions were calculated
by least squares boundary modeling of sedimentation veloc-
ity data using the c(s) method (70), as implemented in the
SEDFIT program. These s values were corrected to standard
conditions (water, 20 °C, and infinite dilution (71)) using the
SEDNTERP program (67) to obtain the corresponding stan-
dard s values (s20, w).

Molecular Modeling—Molecular docking was performed
with the program HADDOCK (72) using both the ASC PYD
domain of full-length ASC solution structure (PDB code 2KN6
(29)) and the NLRP3 PYD solution structure described in this
work (PDB code 2NAQ) as templates. Those residues showing
a �dav value of �1.5 S.D. upon ligand binding and with a total
solvent exposure index of �30% as calculated by GETAREA
(57) were selected as “active” residues to create a list of ambig-
uous interaction restraints used in the docking calculation. Spe-
cifically, the interfaces used for the docking calculations were
those formed by �-helices H1, H4, and the N-terminal end of

H5 (residues Gly-2, Arg-3, Asp-6, Asp-10, Thr-16, Leu-50, Asp-
54, Glu-62, Thr-63, Glu-67, and His-90) and by helices H2, H3,
and the C-terminal end of H5 (residues Glu-19, Lys-22, Lys-24,
Leu-25, Ser-29, Val-30, Leu-45, and Asp-75) from ASC PYD,
whereas the interfaces formed by �-helices H1 and H4 (residues
Arg-10, Glu-13, Asp-14, Glu-16, Val-18, Lys-21, Asp-48, Val-
50, and Asp-51) and by residues from H5 (Gly-61, Glu-63, Ala-
67, and Trp-71) were selected from NLRP3 PYD. As a result,
three different combinations of docking models were used for
the ASC�ASC complex (ASC [H1,H4]-ASC [H2,H3]; ASC
[H1,H4]-ASC [H1,H4]; and ASC [H2,H3]-ASC [H2,H3]) and
four for the ASC�NLRP3 complex (ASC [H1,H4]-NLRP3
[H1,H4]; ASC [H2,H3]-NLRP3 [H1,H4]; ASC [H1,H4]-NLRP3
[H5]; ASC [H2,H3]-NLRP3[H5]). HADDOCK default parame-
ters were accepted for the docking protocol. No other restraints
were incorporated.

The top seven HADDOCK clusters of structures out of 1,000
calculated were inspected to build the models. For the
ASC�ASC interaction, only the supramolecular complexes
resulting from the ASC [�1,H4]-ASC [H2,H3] pair are shown
because they are the only ones conforming to a continuous
oligomeric structure inducing no steric clashes, whereas for
ASC�NLRP3, we show all the possible combinations of pairs
following our docking models. The complexes were built by
structural alignment on PyMOL using as templates consecutive
units of the corresponding pair.
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