L T

/

1\

=y

L)

Check for
updates

Molecular mechanism for NLRP6 inflammasome

assembly and activation

Chen Shen®®, Alvin Lu®®', Wen Jun Xie<, Jianbin Ruan®®, Roberto Negro®®, Edward H. Egelman®, Tian-Min Fu®"?,

and Hao Wu®b~2

Department of Biological Chemistry and Molecular Pharmacology, Harvard Medical School, Boston, MA 02115; ®Program in Cellular and Molecular
Medicine, Boston Children’s Hospital, Boston, MA 02115; “Department of Chemistry, Massachusetts Institute of Technology, Cambridge, MA 02139;
and 9Department of Biochemistry and Molecular Genetics, University of Virginia, Charlottesville, VA 22908

Contributed by Hao Wu, December 20, 2018 (sent for review October 8, 2018; reviewed by Stefan Raunser and Shu Zhu)

Inflammasomes are large protein complexes that trigger host
defense in cells by activating inflammatory caspases for cytokine
maturation and pyroptosis. NLRP6 is a sensor protein in the
nucleotide-binding domain (NBD) and leucine-rich repeat (LRR)-
containing (NLR) inflammasome family that has been shown to
play multiple roles in regulating inflammation and host defenses.
Despite the significance of the NLRP6 inflammasome, little is
known about the molecular mechanism behind its assembly and
activation. Here we present cryo-EM and crystal structures of
NLRP6 pyrin domain (PYD). We show that NLRP6 PYD alone is able
to self-assemble into filamentous structures accompanied by large
conformational changes and can recruit the ASC adaptor using
PYD-PYD interactions. Using molecular dynamics simulations, we
identify the surface that the NLRP6 PYD filament uses to recruit
ASC PYD. We further find that full-length NLRP6 assembles in a
concentration-dependent manner into wider filaments with a PYD
core surrounded by the NBD and the LRR domain. These findings
provide a structural understanding of inflammasome assembly by
NLRP6 and other members of the NLR family.

NLRP6 | inflammasome | innate immunity | cryo-EM | X-ray crystallography

nflammasomes are cytosolic supramolecular complexes con-

taining sensors, adaptors, and effectors in response to pathogen-
associated molecular patterns and danger-associated molecular
patterns (1-3). Inflammasomes can be classified into canonical and
noncanonical inflammasomes. Canonical inflammasomes serve as
platforms for caspase-1 activation, while noncanonical inflamma-
somes activate caspase-11 in mouse and capase-4/5 in humans (4
6). Activated caspases can further process pro-IL-1p or pro-IL-18 to
generate the mature cytokines and cleave gasdermin D to form
pores to mediate pyroptosis and cytokine release (2, 3, 7-9).

Canonical inflammasome sensors can be classified into two
classes: absent in melanoma 2 (AIM2)-like receptors (ALRs)
and nucleotide-binding domain (NBD) and leucine-rich repeat
(LRR)-containing proteins (NLRs) (2, 3) (Fig. 14). AIM2 and
IFI16 are two known ALRs that are able to assemble into
inflammasomes. Both of these ALRs have an N-terminal domain
for recruitment of the adaptor protein ASC and a C-terminal
HIN domain for recognition of double-stranded DNA (10, 11).
NLRs can be further classified into NLRP, NLRC, and NLRB
(also known as NAIP) classes according to their N-terminal pyrin
domain (PYD), caspase activation and recruitment domain
(CARD), and BIR domain, respectively. NLRPs compose the
largest subfamily in the NLR family. On activation, NLRP sen-
sors are able to recruit ASC through homotypic PYD-PYD in-
teractions (12). ASC also contains a CARD, and on recruitment
by NLRPs, ASC recruits caspase-1 via CARD-CARD interac-
tions, leading to activation of caspase-1 (13).

NLRP6 is highly expressed in intestine and liver (14, 15) and
has a wide range of functions in innate immune signaling. For
instance, it has been shown to suppress inflammatory signaling in
bone marrow-derived macrophages (16). In the intestine, NLRP6
is associated with the IL-18 production, and NLRP6~'~ mice ex-
hibit impaired production of IL-18, suggesting a role of NLRP6
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as an inflammasome (17, 18). Moreover, NLRP6 was found to
protect mice against dextran sulfate sodium-induced epithelial cell
injury (17-19). Further studies showed that NLRP6 activation in
epithelial cells is regulated by microbiota-associated metabolites
(20). In goblet cells, NLRP6 has been shown to control mucus
secretion in response to Toll-like receptor ligands, thereby pre-
venting bacterial invasiveness in the intestine (21). In addition,
NLRP6 was found to regulate the expression of a number of IFN-
stimulated genes through the mitochondrial adaptor protein
MAYVS in response to viral RNA (15).

Despite the multifaceted role of NLRP6 in regulating host
defense in intestinal epithelial cells and innate immune signal-
ing in myeloid cells, the molecular mechanisms of NLRP6
inflammasome assembly and activation remain unexplored.
Here we used biochemical and biophysical methods to show
that NLRP6 forms an ASC-dependent inflammasome by he-
lical assembly, with features distinct from various other NLRP
inflammasomes.

Significance

Inflammasomes are multiprotein-signaling scaffolds in the in-
nate immune system. Inflammasome-induced inflammation
and cell death play critical roles in sensing and responding to
pathogen and damage signals. NLRP6 is one of the major
inflammasomes in the intestine, whose function has been
reported to protect mice from colitis. Here we determined the
cryo-EM and crystal structures of NLRP6 pyrin domain (PYD) to
reveal a unified model of NLR inflammasome assembly. Addi-
tionally, our results show the conformational changes in NLRP6
PYD from its monomeric form in solution to its oligomeric form
in filaments. Full-length NLRP6 filaments indicated that the
N-terminal PYD domain is the core element for the inflam-
masome assembly. Collectively, these studies provide mech-
anistic and structural insight into this biologically important
inflammasome.
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Fig. 1. NLRP6 promotes assembly of the ASC PYD filament. (A) A cartoon
framework of PYD-containing inflammasome assemblies. (B-D) FP assays of
ASCPYP filament formation nucleated by NLRP6™ (B), NLRP6"YP+NED (C), and
NLRP67"® (D). Fitted apparent dissociation constants (Kapp) and Hill coeffi-
cients (n) are shown.

Results

Different NLRP6 Constructs Nucleate the Polymerization of AS
Previous studies have shown that the ASC-containing AIM2 and
NLRP3 inflammasomes share a unified assembly mechanism
that involves two successive steps of nucleation-induced poly-
merization through PYD-PYD and CARD-CARD interactions
(12, 13) (Fig. 14). Because NLRP6 has a PYD, we hypothesized
that it might also use a similar assembly mechanism as AIM2 and
NLRP3 inflammasomes through the adaptor ASC. To test this
hypothesis, we first expressed maltose-binding protein (MBP)-
tagged NLRP6" P (1-106), NLPR6"YP™NBP (1_564), and full-
length NLRP6 (NLRP6'™) (1-892) in Escherichia coli and insect
cells and purified them using affinity and size exclusion chroma-
tography (SI Appendix, Fig. S14). We used these proteins to in-
duce ASC"YP polymerization in fluorescence polarization (FP)
assays on removal of the MBP tags by the tobacco etch virus
(TEV) protease. All three constructs of NLRP6 were able to
promote the polymerization of ASCT™P with differing potencies
(Fig. 1 B-D and SI Appendix, Fig. S1 B-F). One notable feature is
that the PYD of NLRP6 alone is a capable nucleator for ASC*¥P
polymerization, although a higher concentration is required (Fig.
1D and SI Appendix, Fig. S1 D-F). In _contrast, the PYD of
NLRP3 did not efficiently nucleate ASC”¥® polymerization (12).

In comparison, NLPR6"YP+*NBD i 4 stronger nucleator of
ASCPYP polymerization than PYD alone, suggesting that the
PYD and NBD of NLRP6 synergistically promote the polymer-
ization of ASC™P (Fig. 1C and SI Appendix, Fig. S1C). Among
the three constructs, NLRP6"" showed the greatest dependence
on concentration and a large Hill coefficient of 4.2 in promoting
ASC pol¥merization (Fig. 1B and SI Appendix, Fig. S1B). For
NLPR6PYPNBD and NLRP6FYP, the fitted Hill coefficients are
smaller (Fig. 1 C and D), and the data also could be fitted well
with a Hill coefficient of 1 (SI Appendix, Fig. S1 C-F). This
observation might be related to the presumed autoinhibited
conformation of the full-length protein (22), so that a co-
operative override of autoinhibition is required to generate the
platform for ASC po‘l(ymerization. The apparent dissociation
constants for NLPR6"YP*NBP (33 nM) and NLPR6™ (71 nM)
are similar, while that for NLPR6YYP is approximately 10-fold
higher (412 nM). Nonetheless, the NLRP6 PYD differs from the
NLRP3 PYD in its ability to promote ASC*¥® polymerization,
which prompted us to further explore its assembly.

CPYD.

Cryo-EM Structure Determination of the NLRP6"'® Filament. To gain
an understanding of NLRP6 inflammasome assembly, we first
tried to obtain the structure of the NLRP6"¥® filament, which is re-
sponsible for ASC recruitment. We purified MBP-fused NLRP6"*P
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overexpressed in E. coli and found that it formed heavily bundled
filaments after removal of the MBP tag by the TEV protease.
However, the MBP-tagged NLRP6" " construct with a 3C pro-
tease site expressed in insect cells produced NLRP6" P filaments
suitable for further structural studies. Cryo-EM images of
NLRP6"YP filaments were collected using a Titan Krios trans-
mission electron microscope (Thermo Fisher Scientific) equip-
ped with a K2 Summit direct electron detector (Gatan) (Fig. 24).

The NLRP6"YP filaments were boxed and segmented in
EMAN?2 (23), followed by calculation of a power spectrum in
Spider (24) (SI Appendix, Fig. S2A). Like the ASCPYP filament
(12), the NLRP6" P filament has C3 point group symmetry. For
structure determination, we applied an initial helical parameter
of 53° of right-handed rotation and a 13.9-A axial rise per subunit
using helical reconstruction in RELION (25, 26), and these pa-
rameters were later refined to 56.8° and 13.8 A, respectively. The
final volume after 3D refinement displayed clear a-helices and
achieved a resolution of 3.7 A as estimated by Fourier shell
correlation (Fig. 2 B-D and SI Appendix, Figs. S2 B-D and S34,
and Table S1). Local resolution estimation showed a range of
2.5-5.0 A (SI Appendix, Fig. S2D).

NLRP6""® Filament Structure. The NLRP6" ¥ filament exhibits a
hollow cylinder architecture with an inner diameter of 2.4 nm
and an outer diameter of 8 nm (Fig. 2C). The filament assembles
through a right-handed helix triplicated by the C3 point group
symmetry, with each layer composed of approximately six sub-
units of NLRP6" P, Each NLRP6" Y™ subunit displayed a typical
death domain fold with six antiparallel a-helices as shared by
members of the death domain superfamily (27) (Fig. 2D and SI
Appendix, Fig. S3B). These six a-helices are arranged in a helical
bundle with a Greek key motif £SI Appendix, Fig. S3B). Among
known PYD structures, NLRP6" ™ belongs to the group with a
long a2-a3 loop, as described below.

Like other death domain-assembled filaments (27), NLRP6"YP
also forms three major asymmetric interfaces in the filament, of
which the type I interface mediates intrastrand interactions and type
II and type III interfaces mediate interstrand interactions (Fig. 2F).
Type I and type II interactions are slightly more extensive, burying
approximately 721 A% and 749 A? of surface area, respectively, while
type III interaction buries approximately 668 A2 of surface area. The
type I interface is mediated by the interaction of a1 and o4 helices of
one subunit with the o2 helix and the a2-a3 loop of an adjacent
subunit (Fig. 2F). The type II interface mainly involves the in-
teraction of the a4-a5 loop region of one subunit with the a5-a6
loop region of a neighboring subunit. The interaction of the a3 helix
and the a2-a3 loop of one subunit with the al-a2 loop region of
another subunit defines the type III interaction (Fig. 2F). All three
types of interfaces contain charge—charge interactions, hydrophilic
interactions, and hydrophobic interactions (Fig. 2F). Notably, the
long a2-03 loop in NLRP6"¥P (Fig. 2D) participates in all three
types of interactions in the NLRP6 PYD filament (Fig. 2F).

To validate our filament structure model, we picked residues
on the different types of filament interfaces and generated mutations
on an mCherry-fused NLRP6"¥P construct. We expressed and pu-
rified wild-type (WT) and mutant mCherry-NLRP6" P proteins
and compared their elution positions from a gel filtration column,
because filaments should elute from void fractions. While the WT
eluted mainly from void fractions, almost all mutants showed delayed
elution and had more proteins at the monomeric fractions (Fig. 34).
R42E on the type I interface and W53E and E27R/E28R on the type
IIT interface were almost totally defective in filament formation.
L21R, L23R, and H39R on the type I interface were partially
defective in filament formation (Fig. 34). W53F failed to disrupt
filament formation, consistent with our structural analysis indi-
cating that W53 mediates hydrophobic interactions.

To further test whether partially defective mutants identified
through gel filtration were still able to nucleate the polymeri-
zation of ASC, we performed ASCPYP polymerization assays
using the aggregated fractions of these mutants. Among the
partially defective mutants, H39R completely lost the ability to
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Cryo-EM structure of NLRPGPYD
at 3.7 A resolution
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A cryo-EM image
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Top View

Fig. 2. Cryo-EM structure of NLRP6""® filament. (A) A cryo-EM image of NLRP6""® filaments. (B) Side view of the reconstruction superimposed with three
NLRP6”YP subunit models. One subunit is enlarged for a closer view. (C) Surface representation of NLRP6""P filament structure, top view (Left) and side view
(Right). The three main colors of red, yellow, and blue denote the threefold related helical chains. The two shades of each color are used to distinguish
neighboring subunits. (D) Cartoon representation of a single NLRP6 PYD domain with six a-helices. (E) Schematic diagram of NLRP67® filament, with three
adjacent subunits labeled in cyan, green, and magenta. (F) Detailed interactions of type |, I, and Il interfaces in the NLRP6""P filament.

promote ASC polymerization, and L23R was less effective in
promoting ASC polymerization compared with the WT (Fig. 3 B
and C). We further expressed WT and mutant mCherry-fused
NLRP6"YP in HeLa cells (Fig. 3D). When overexpressed, WT
NLRP6FYP formed nice filaments in cells. R42E, W53E, and
E27R/E28R mutants totally disrupted filament formation in
cells, whereas L21R, L23R, H39R, F71R, and R87D still formed
some filamentous structures, suggesting partial defectiveness of
these mutants. In keeping with the gel filtration profile, the
W53F mutant was not defective in filament formation.

Crystal Structure of NLRP6°'°. To lgain insight into the conforma-
tional changes during NLRP6"¥" filament assemb%?l15 we further
determined the crystal structure of the NLRP6*Y" monomer
before filament assembly. We were able to obtain monomeric
WT NLRP6™P for crystallization blg fusing it rigidly to an
engineered MBP tag. MBP-NLRP6"¥P was expressed, purified,
and crystallized, and the final crystals appeared as clustered
plates in 0.2 M lithium sulfate, 0.1 M Bis-Tris pH 6.5, and 25%
PEG3350 (SI Appendix, Fig. S44). The crystals diffracted to
2.3-A resolution using the 24-ID-C beamline at the Advanced
Photon Source, and the crystal structure was solved by molecular
replacement (S Appendix, Table S2). In the crystal structure, the
first helix of NLRP6"Y® was fused with the last helix of MBP to
form a long helix, serving as a rigid linker between NLRP6 PYD
and MBP (Fig. 44). Surprisingly, while the first five helices of
NLRP6"YP could be built into the electron density map, little
density of the sixth helix was observed (Fig. 4B), suggesting that
NLRP6"YP is not fully folded before filament formation.
Comparison of the crystal and cryo-EM structures of NLRP6™ P
showed that the most notable conformational change lies in the a2-
a3 loop (Fig. 4B), which is involved in all three types of interactions
(Fig. 2F). D43 on the type I interface, RS5 on the type II interface,
and W53 on the type III interface all undergo large conformational
changes (Fig. 4 B and C). Interestingly, the topologically equivalent

2054 | www.pnas.org/cgi/doi/10.1073/pnas.1817221116

o2-03 loop of ASCT™P also undergoes prominent changes on
filament formation (12). These data may suggest a ubiquitous
“induced-fit” mode of filament assembly among death domain
superfamily proteins, which further dictate a unidirectional fila-
ment formation by conformational changes (28).

To investigate whether the lack of a folded a6 and the dif-
ferent a2-o3 loop conformation in the crystal structure are due to
crystal packing, we superimposed a NLRP6FYP subunit structure
from the filament into the crystal lattice (S Appendix, Fig. S4B).
No steric hindrance was observed, suggesting that the differences
in the structure are not caused by crystal packing restraints.

We further performed molecular dynamics (MD) simulations on
the crystal and cryo-EM NLRP6"YP structures. We found that the
conformation of the o2-a3 loop in the filament structure is more stable
than that in the crystal structure, as demonstrated by the smaller root
mean square deviation (RMSD) of this loop during the simulation
when starting from the filament subunit structure than when starting
from the crystal structure (SI Appendix, Fig. S54). Moreover, during
MD simulation, the a3 helix in the filament structure maintained more
backbone hydrogen bonds than that in the crystal structure, supporting
the greater stability of the filament form (SI Appendix, Fig. SSB).
These data indicate that NLRP6" ¥ filament formation uses not only
the favorable energetics from the protein—protein interactions, but also
the more stable subunit structure in the filament form.

Given the symmetry similarity of NLRP6YY? and ASCPYP in
filament assembly, we superimposed NLRP6"¥® with ASC*¥" in
monomer and filament forms, respectively (Fig. 4 D and E). The
monomeric NLRP6FYP cgstal structure differs greatly from that
of the monomeric ASC”¥™ structure, particularly in the region of
the o2-a3 loop (Fig. 4D), indicating the dynamic properties of
this loop in PYD domain evolution. In contrast, the NLRP6YYP
subunit structure in the filament is similar to the ASC¥P fila-
ment form (Fig. 4F), sug esting a unified assembly mechanism
for NLRP6"YP and ASCT¥P. On the other hand, the compatible
folding of NLRP6"¥P and ASC"¥P may indicate that NLRP6 is

Shen et al.
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Fig. 3. Structure validation by mutagenesis. (A) Void and monomer frac-
tions in the gel filtration profile of WT and mutant NLRP6"YP-mCherry
proteins. (B) FP assay of ASC"YP filament formation nucleated by void frac-
tions of WT and mutant NLRP67YP. (C) Plotted initial polymerization rates of
ASCPYP from data in B. (D) WT and mutant NLRP6”YP-mCherry overexpressed
in Hela cells examined by confocal microscopy.

an efficient seed for heterofilament formation and inflammasome
activation.

Features of NLRP6 PYD Filament Assembly Compared with Other ALR
and NLR Inflammasomes. A previous study showed that AIM2PYP
also assembles into filaments for nucleation of ASC but exhibits
less obvious conformational changes during filament formation
(29) than NLRP6, which undergoes dramatic conformational
changes during filament assembly (Fig. 4B). This observation
may be due to the much shorter, and thus likely less dznamic, o2-
o3 loop of AIM2FYP (30) compared with NLRP6"® (Fig. 4F).
In contrast, structural comparisons revealed that the PYDs of
NLRP3, NLRP7, and NLRP12 possess a long a2-a3 loop (31—
33) (Fig. 4G and SI Appendix, Fig. S6 A and B), suggesting that
conformational changes may also be required for these NLRPs
to form oligomeric platforms to recruit the downstream ASC.

In the NLRP3 inflammasome, the PYD+NBD, but not the
PYD alone, is sufficient to provide an effective platform for ASC
assembly (12). In contrast, NLRP6" ™ alone is able to nucleate
ASC polymerization, while the NBD of NLRP6 may play a
synergetic role to enhance the NLRP6 platform assembly, as
indicated by the lower concentration of the NLRPéPYDJ“I{IBD
construct required to promote ASCPYP filament formation
compared with the NLRP6"¥P-alone construct (Fig. 1 C and D
and SI Appendix, Fig. S1 C and D). We envision that for both
NLRP3 and NLRP6, the NBD aids in the oligomerization and
filament formation of the PYD in the context of the full-length
proteins, which in turn provides the platform for ASC recruitment
and inflammasome assembly. We speculate that the differing
polymerization tendencies of NLRP3 and NLRP6 PYDs may lead
to differential activation thresholds for these inflammasomes.

To further understand the promotion of ASC**® polymeriza-

tion by NLRP6, we overlaid the NLRP6"YP and ASC"YP filament
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(12) structures using segments of 15 subunits each and found that
they superimposed to an RMSD of 3.2 A, compared with an
RMSD of 1.3 A when single subunits were aligned. When one of
the subunits among the 15-subunit segments was aligned, the
degree of misalignment increased at subunits away from the
aligned subunits (SI Appendix, Fig. S6 C and D). In this regard,
homo-oligomerization may be more favorable than hetero-
oligomerization. However, we observed variable helical twists in
our previous studies within the same PYD filament samples,
suggesting plasticity in filament assembly (12, 29) and supporting
the validity of hetero-oligomeric filament assembly. In cells, con-
centrations of NLRP6 or other NLRs may be low, and filament
elongation will stop as soon as the concentration of an NLR drops
below the critical concentration of polymerization. The assembled
NLR platforms may then be able to recruit the downstream sig-
naling protein ASC through PYD-PYD hetero-oligomerization.

NLRP6”'® Filaments Nucleate ASC’Y® Assembly Directionally. The
availability of the ASCTYP filament and NLRP6"¥® filament cryo-
EM structures provides a structural basis for understanding the nu-
cleation and assembly of the NLRP6 inflammasome. Previous stud-
ies of the AIM2, NLRC4, and NLRP3 inflammasomes have shown
that inflammasome assembly through ASC interaction is unidirec-
tional (12, 13, 34). To address the situation for NLRP6, we analyzed
the electrostatic surface of a cross-section of the NLRP6" P and
ASCFYP filaments. For both NLRP6"YP and ASCYYP, the surface
(top surface) corresponding to the type Ia, IIa, and Illa inter-
faces is largely positively charged, whereas the opposite surface
(bottom surface) corresponding to the type Ib, IIb, and IIIb in-
terfaces is largely negatively charged, suggesting the role of
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Fig. 4. Crystal structure of NLRP6 PYD and structural comparison. (A)
Overall crystal structure of NLRP6”Y® with rigidly linked MBP. (8) Structural
comparison of the filament form of an NLRP6'P subunit (cyan) and the mo-
nomeric crystal structure of NLRP6”"® (magenta). Shown is an enlarged view of
conformational changes induced by filament formation at the a2-a3 loop. (C)
Sequence alignment of the PYDs of NLRP6, AIM2, ASC, and NLRP3. The PYD
filament forms of NLRP6, AIM2, and ASC are known, and the different in-
terfacial residues in these filaments are labeled with the indicated colors. (D)
Structural comparison of monomeric ASC™® (PDB ID code 1UCP) and mono-
meric NLRP6"YP in the crystal structure. (E) Structural comparison of a single
subunit of ASC?YP filament (PDB ID code 3J63) and the NLRP6""P filament form.
(F) Structural comparison of the AIM2°Y® monomer form (PDB ID code 3VD8)
and the NLRP6""® filament form. (G) Structural comparison of the NLRP3"YP
crystal structure (PDB ID code 3QF2) and the NLRP6”YP filament form.
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charge complementarity in filament assembly and nucleation (Fig. 54).
However, the charge complementarity does not distinguish a potential
directional preference in the nucleation-polymerization process.

To dissect whether NLRP6 recruits ASC with directional pref-
erence, we generated two models accounting for ASC recruitment
by NLRP6 and calculated their free energy difference based on
MD simulations (Fig. 5B). The model in which NLRP6 uses its
bottom surface to recruit the top surface of ASC has 97 kcal/mol
lower binding free energy than the reverse model, in which NLRP6
uses its top surface to recruit the bottom surface of ASC (Fig. 5B).
Residues R5 and F59 in ASC and residues R91, D43, D44, A42,
and S30 in NLRP6 contribute to the energetic difference between
the two models (Fig. 5C). All these residues are located on the
proposed interfaces between NLRP6 and ASC (Fig. 5D).

Detailed analysis showed that the type I interface of NLRP6
and ASC is composed of charge—charge interactions and hy-
drophobic interactions, that the type II interface contains hy-
drophobic and hydrophilic interactions, and that the type III
interface is dominated by charge—charge and hydrophilic inter-
actions (Fig. 5D). Compared with the unfavorable interfaces (S
Appendix, Fig. S6), more residues are involved in mediating in-
teractions in the favorable model, further supporting the idea
that NLRP6 may recruit ASC with a directional preference.

Full-Length NLRP6 Inflammasome Assembly. To reveal the structural
architecture of full-length NLRP6, we expressed an N-terminal
MBP-tagged construct from insect cells and purified it to homoge-
neity. On removal of the MBP tag, negative-staining EM showed that
full-length NLRP6 formed filamentous structures with a diameter
of approximately 30 nm (Fig. 64), similar to the NAIP/NLRC4
inflammasome architecture from cryo-electron tomography (35).

To gain more detailed understanding of full-length NLRP6 fil-
ament assembly, we collected a cryo-EM dataset on a Talos Arc-
tica microscope equipped with a K2 Summit direct electron
detector (Fig. 6B). The averaged power spectrum of full-length
NLRP6 filaments is similar to that of NLRP6PYD filaments with
a strong meridional reflection at 1/14 At (Fig. 6C and SI Ap-
pendix, Fig. S24), indicating that the full-length NLRP6 filament
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Fig. 5. NLRP6 PYD recruits ASC PYD with directional preference. (A) Top
and bottom views of the electrostatic surface for one cross-sectional layer
from NLRP6"Y® and ASCP'P filaments. (B) Computational analysis of the
binding energy between the NLRP6”'® bottom surface and the ASC™Y® top
surface and between the ASC™P bottom surface and the NLRP67YP top
surface, showing that the former is much preferred. (C) Per-residue free-energy
contribution of the favorable model listed with a cutoff of —1.5 kcal/mol.
(D) Detailed interactions of type I, Il, and Ill interfaces in the favorable
NLRP67YP-ASCPYP hetero-oligomer model.
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Fig. 6. Full-length NLRP6 assembles into filaments in a concentration-

dependent manner. (A) Negative-staining EM image of NLRP6™ filaments. (B)
Cryo-EM image of NLRP6™ filaments. (C) Power spectrum of aligned NLRP6™
filament segments from the cryo-EM data. (D) A 2D class of NLRP6™ filaments.
The presumed locations of PYD, NBD, and LRR are shown. (E) Negative-staining
EM images of NLRP6™" at different concentrations. (F) A hypothetical model of
NLRP6 inflammasome activation. In brief, full-length NLRP6 may be auto-
inhibited. On activation, it oligomerizes through both the NBD and the PYD,
and the PYD filaments provide the platform for ASC recruitment and oligo-
merization through PYD-PYD interactions. The CARD in ASC then further oli-
gomerizes and recruits caspase-1, driving caspase-1 dimerization and activation.

diffraction was mainly from the PYD. Further 2D classification
showed that the PYDs reside in the center of the NLRP6 filament
surrounded by the NBD and LRR (Fig. 6D). The NBD-LRR re-
gion was blurry in the 2D average, likely due to lack of sufficient
order (Fig. 6D). We further found that assembly of full-length
NLRP6 filaments is concentration-dependent in vitro (Fig. 6E).

Discussion
NLRs share a similar domain arrangement and may possess an
autoinhibited conformation in the absence of ligands in which the
NBD and LRR are in a closed conformation, as shown by the
crystal structure of NLRC4 (22). On ligand engagement, NLRs are
presumed to assemble into ring-like oligomers through the NBDs
when the NBD and LRR transit into an open conformation, as
evidenced by structural studies of the NAIP/NLRC4 inflammasome
(34-36). However, only limited details of the assembly of NLRPs
are available at present. In this study, we used X-ray crystallography
and EM to elucidate the assembly mechanism of NLRP6 (Fig. 6F).

We have shown that NLRP6"YP forms filaments that are
able to nucleate ASCFYP filament assembly, and that NLRP6EP
enhances this ability of NLRP6"P by lowering the concentration
requirement Y%apprommately 10-fold. Full-length NLRP6 also nu-
cleates ASC™P filament assembly but with a large Hill coefficient,
which may indicate the need to overcome automhlbltlon to gain the
nucleating ability. Our data suggest that NLRP6"¥® filament as-
sembly cannot occur in the context of full-length, autoinhibited
NLRP®6, likely due to steric hindrance by the NBD and LRR. Onl
when these domains assume an open conformation can NLRP6" "
filament formation proceed within the full-length protein.

Indeed, when overexpressed, full-length NLRP6 assembles into
filamentous structures with PYD filaments in the center and the
NBD-LRR in the periphery, which may represent an open, active
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conformation. This open conformation is reminiscent of the over-
expressed NAIP/NLRC4 complex in which the CARD forms the
central filaments and the NBD-LRR forms the peripheral helical
ring (35); however, the difference is that the NBD-LRR ring is more
ordered in the NAIP/NLRC4 complex, while the central CARD
filament appears as a column of density at low resolution. For
NLRP6, the outer NBD-LRR region is not ordered as shown by 2D
classes, which may be due to a flexible linker between PYD and the
NBD-LRR. It is also possible that the NBD-LRR is not involved in
self-association, but the biochemical data on its promotion of
NLRP6"YP filament formation to nucleate ASCT¥® filaments argue
against this hypothesis. In contrast, our data support the hypothesis
that the NBD associates in the outer ring and synergizes with the
PYD to form the platform for ASC recruitment and oligomerization.

We further speculate that because the concentration of NLRP6
is likely limiting in cells, NLRP6 only forms short filaments in vivo
instead of long filaments in vitro, and multiple such filaments can
transmit the signal of NLRP6 activation to the polymerization and
activation of the downstream ASC adaptor. ASC then acts as
the supramolecular platform for recruitment and activation of
caspase-1, allowing cells to make quick response to exogenous
pathogen infections or endogenous danger signals.

Materials and Methods

NLRP6 Expression and Preparation. Human NLRP6 PYD, PYD+NBD, and full-
length proteins with different tags were expressed in E. coli or insect cells.
Proteins were purified using Ni-NTA affinity resin followed by gel filtration
chromatography.

EM Data Collection and Processing. At the University of Massachusetts Cryo-
EM Core Facility, the cryo grids were prepared using an FEI Vitrobot Mark
IV and imaged using an FEI Titan Krios microscope operating at 300 keV with a
K2 Summit camera to collect 723 movies of NLRP6"YP filaments at super-
resolution mode with a pixel size of 0.529 A. The images were processed in
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RELION. Model building and refinement were performed in Coot and Phenix.
The atomic coordinates and cryo-EM map have been deposited in the Protein
Data Bank, www.wwpdb.org (PDB ID code 6NCV) (37) and the EMData Bank,
www.emdatabank.org (EMDB ID code 0438) (38).

Crystallization and Structure Determination of MBP-NLRP6""®. The best crystals
were obtained by hanging drop vapor diffusion. Diffraction data were col-
lected at beamline 24-ID-C of the Advanced Photon Source, and the structure
was determined by molecular replacement. The atomic coordinates and
structure factors have been deposited in the Protein Data Bank, www.
wwpdb.org (PDB ID code 6NDJ) (39).

FP Assay. MBP-tagged ASC”® was labeled with the fluorophore TAMRA, and
filament formation was monitored by FP on removal of MBP by TEV pro-
tease in the absence and presence of various NLRP6 nucleators.

MD Simulations and Molecular Mechanics Calculation. MD simulations were
performed using the AMBER 14 suite of programs with the crystal and cryo-
EM NLRP6"YP structures as initial models.
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