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TheNLR family caspase activation and recruitment domain-containing 4

(NLRC4) inflammasome is a critical cytosolicinnate immune machine formed
uponthedirect sensing of bacterial infection and in response to cell stress
duringsterile chronic inflammation. Despite its major role ininstigating the
subsequent hostimmune response, amore complete understanding of the
molecular events in the formation of the NLRC4 inflammasome in humans
islacking. Here we identify Bacillus thailandensis type lll secretion system
needle protein (Needle) as a potent trigger of the human NLR family apoptosis
inhibitory protein (NAIP)/NLRC4 inflammasome complex formation and
determineits structural features by cryogenic electron microscopy. We

also provide adetailed understanding of how type Illl secretion system

pathogen components are sensed by human NAIP to form a cascade of NLRC4
protomer through a critical lasso-like motif, a ‘lock-key’ activation model and
large structural rearrangement, ultimately forming the fullhuman NLRC4
inflammasome. These results shed light on key regulatory mechanisms specific
to the NLRC4 inflammasome assembly, and the innate immune modalities of

pathogen sensingin humans.

Thenucleotide-binding domain andleucine-rich repeat-containing (NLR)
proteinsare cytosolic proteinsinvolved inhost innateimmune responses
to infections and cell stress'. After sensing cellular cues, NLRs (includ-
ing the NLR family caspase activation and recruitment domain (CARD)
domain-containing 4, NLRC4) assemble into a molecular scaffold that
recruits and processesinflammatory caspases (including caspase-1) by a
close-proximity mechanism, forming the so-called inflammasome cf3om-
plexes. Active caspase-1canthen mediate numerous downstreamimmune
signaling events including the maturation of inflammatory cytokines,
pyroptoticcell death, production of inflammatory lipids and modulation
of cellular metabolism. Especially in humans, the NLR family apoptosis

inhibitory protein (NAIP)/NLRC4 inflammasome has been shown to be
triggered after the sensing of bacterial type Il secretion systems (T3SS)
during infection®, as well as in sterile conditions during human aging
through metabolic dysregulation* and endogenous retrotransposons
in auto-immune diseases’. Importantly, there are constitutive NLRC4
hyperactivation through Mendelian inheritance of various de novo
gain-of-function mutations that form an expanding list of autoinflam-
matory syndromes collectively termed NLRC4 inflammasomopathies®.
Despite this strong relevance in hostimmune response to infection and
inflammatory diseases, the detailed structural basis of the NLRC4 inflam-
masome assembly and pathogen sensing in humans was lacking.
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Fig.1|Biochemical reconstitution and cryo-EM structure of the fullhuman
NAIP/NLRC4 inflammasome. a, Domain organization of huNLRC4, huNAIP

and Needle. b, Purification of huNLRC4 inflammasome with or without R288A
mutation and SDS-PAGE of SEC fractions from the peaks (highlighted with bars).
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These experiments were independently repeated three times. ¢, Cryo-EM maps of
huNLRC4 inflammasome. d, Zoom-in views of CARD domains. Maps are colored
by domain organization.

Previous studies using murine systems have shown that mouse
NLRC4 (mNLRC4) activationrequires various sensor proteins (NAIP1-6)
that recognize different bacterial T3SS components known as triggers
(forexample, flagellin, Needle or rod)’'?, whereas only one NAIP is pre-
sentin humans (huNAIP)"”, The binding of the trigger activates mouse
NAIP (mNAIP), exposing a catalytic surface that binds areceptor surface
of mMNLRC4 resulting inacascade event that forms the inflammasome.
The amino acid (a.a.) residues of the catalytic surface in the mouse
modelidentified key residues needed for this activation step”'*">. The
mutation of residue Arg288 to alanine on mNLRC4 resulted in stunted
inflammasome formation indicating that it is a critical residue on the
catalytic surface'. Two inflammasome structures using truncated
mNLRC4 have been elucidated following purification from activated
cells, however, a full-length (FL) human NLRC4 (huNLRC4) inflamma-
some structure has yet to be reported. In this Article, we describe the
modalities of complex assembly subsequent to pathogen ligand sens-
ing, and the resulting high-resolutionsingle-particle cryogenicelectron
microscopy (cryo-EM) structures of ligand sensing by huNAIP and the
full human NAIP/NLRC4 inflammasome complex.

Results

Human NAIP/NLRC4 inflammasome reconstitution

To elucidate the biochemical requirements for inflammasome
assembly, we started by expressing and purifying the various
human FL components using the baculoviral expression system
including recombinant His-Lfn-Needle (NeedleTox), huNAIP and

huNLRC4 with or without R288A mutation (Fig.1a,b and Extended Data
Fig.1). Initially, each separated component eluted as monomers by
size exclusion chromatography (SEC), but when mixed together in a
1:1:10 (NeedleTox:huNAIP:huNLRC4) molecular ratio we observed a
single high-molecular-weight (HMW) peak that eluted close to the void
volume (apparent molecular weight >1 MDa, Fig. 1b). We confirmed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) that this peak contained all three components, with huNLRC4
being the dominantband and present atanotable higher ratio to NAIP
and Needle. Incontrast, use of huNLRC4-R288A mutantin the mixture
induced a complex that eluted later than the wild-type (WT) Needle/
huNAIP/huNLRC4 complexin SEC with anapparent molecular weight
~350 kDa. The SDS-PAGE of the SEC peak revealed that this complex
was composed of NeedleTox, huNAIP and huNLRC4-R288A in equal
molarratios. These resultsindicated that purified NeedleTox, huNAIP
and huNLRC4 were competent to assemble into a full inflammasome
complex. Comparable to mNLRC4-R288A where cellular co-expression
of the murine components inhibited full inflammasome assembly,
huNLRC4-R288A also impeded full assembly generating a stable
Needle/huNAIP/huNLRC4-R288A ternary complex.

Structures of Needle/huNAIP/huNLRC4 inflammasome
complex

The HMW peak fraction from Needle/huNAIP/huNLRC4 mixture was
applied directly to the cryo-EM grids. In the raw electron microscopy
(EM) images, aggregated particles were predominant, but disk-like
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Table 1| Cryo-EM data collection, refinement and validation statistics

huNLRC4 C11 complex
(EMDB-29496, PDB 8FW2)

huNLRC4 C12 complex
(EMDB-29498, PDB 8FW9)

Needle/huNAIP/huNLRC4
(R288A) (EMDB-29493, PDB 8FVU)

Data collection and processing

Magnification x150,000 x150,000 x150,000
Voltage (kV) 200 200 200
Electron exposure (e"A2) 43.8 43.8 43.8
Defocus range (um) -0.8t0-2.4 -0.8t0-2.4 -0.8t0-2.4
Pixel size (A) 0.948 0.948 0.948
Symmetry imposed C11(Global) C1(Focus) C11(Global) C1(Focus) C1
Initial particle images (no.) 128,266 128,266 869,012
Final particle images (no.) 72,822 21,406 106,381
Map resolution (A) 3.80 4.46 3.60

FSC threshold 0143 0143 0143
Map resolution range (A) 3.5-8.0 4.4-9.0 3.3-6.0
Refinement
Initial model used (PDB code) SWISS-MODEL SWISS-MODEL SWISS-MODEL
Model resolution (A) 4.0 5.0 3.7

FSC threshold 0.5 0.5 0.5
Model resolution range (A) 4.0-6.0 5.0-7.0 3.7-6.0
Map sharpening B factor (A2) -106.4 -148.4 -95.4
Model composition

Non-hydrogen atoms 2,700 2,700 2,334

Protein residues ATP]

Ligands
Bfactors (A%

Protein 80.9 2131 68.3

Ligand 26.9
r.m.s.d.

Bond lengths (&) 0.0109 0.0114 0.0113

Bond angles (°) 0.96 0.98 1.01
Validation

MolProbity score 126 1.30 1.49

Clashscore 1.31 1.56 221

Poor rotamers (%) 0.17% 0.08% 0.00%
Ramachandran plot

Favored (%) 93.96% 94.07% 91.73%

Allowed (%) 5.30% 5.07% 6.86%

Disallowed (%) 0.74% 0.85% 1.41%

particles were also visible (Extended Data Fig. 2a). With a total of
108,418 cryo-EM images, two stable classes of disk-like particles
were isolated and further refined by imposing C11, or C12 symmetry,
respectively (Fig. 1c, Extended DataFigs.1-3 and Table 1). NACHT and
LRR domains formed the inner and outer ringsin the Needle/huNAIP/
huNLRC4 inflammasome (Fig. 1c) similarly observed previously in
MNLRC4 ,c4rp inflammasomes’®”. Inaddition, we identified the density
correspondingto the CARD domains was protruding from the central
disk of the huNLRC4 inflammasome (Fig. 1c,d). The CARD density was
relatively poor compared to the NACHT and LRR domains. Isolated
CARD domains adopted a helical structure that does not follow the C11
or C12symmetry that we applied during the disk reconstruction'®. With
the 11-mer particles, the CARD domain density was slightly improved

from the refinement withoutimposing symmetry (Fig. 1d). By adjust-
ing the threshold of the density map, the CARD was connected to the
NACHT viamultiple loops. A short segment of CARD helical structure
can be docked into this density (Extended Data Fig. 4). Interestingly,
the direction of this CARD helix is ~9° to the axis that is perpendicular
to the disk plane (Fig. 1d). This tilted angle was driven by the tension
from the linkers that connect the helical CARD domains to the C11 or
C12NACHT-LRR disk plane (Extended Data Fig. 4).

NLRC4/NLRC4 interaction in the human inflammasome
complex

The C11and C12 particles were subjected to symmetry expansion and
followed by local refinements focusing on three successive protomers
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Fig. 2| Characterization of huNLRC4/huNLRC4 interactions. a, Overlay of

12- and 11-mer tri-protomer structures; the individual protomers are labed as A, B
and C. The 11-mer and 12-mer tri-protomers are colored by domain organization
and in pink, respectively. b, Surface representation with highlighted interaction
residues of huNLRC4-huNLRC4 interfaces in the tri-protomer. The surface
interfaces are colored to match their respective counterparts. The charged and
‘key’ residues are highlighted and colored on the basis of their properties: blue
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(tri-protomer) (Extended Data Fig.2). Bothtri-protomers were modeled as
only containing huNLRC4. The structural overlay of these tri-protomers at
Protomerpgions Shows outward assembly of the C12 tri-protomer relative
tothe Cl1tri-protomer (Fig.2a). This outward assembly is accompanied
by the slight tilt of LRR relative to the NACHT, implying plasticity of the
activated huNLRC4. Both tri-protomers share conserved structures and
protomer-protomer interfaces. For the comparison of activated huNLRC4
and mMNLRC4 ,crp, We used the C11 tri-protomer, representing the Needle/
huNAIP/huNLRC4 inflammasome structure.

The activated huNLRC4 and mNLRC4,crp Structures are similar
withroot-mean-square deviation (r.m.s.d.) 2.38 A. The huNLRC4/huN-
LRC4 interfaces contain several conserved residues and intermolecular
salt bridge pairs (Fig. 2b,c and Extended Data Fig. 5a). Compared to
mNLRC4, huNLRC4 has two additional salt bridge pairs (Asp104-Lys272
and Asp222-Arg270), while both the Asp at positions 104 and 222 are
Asnresiduesin mNLRC4. Noteworthily, the Phe435from the activated
protomer is positioned in a well-defined hydrophobic pocket in the
receptor protomer (Fig. 2c,d). This pocket contains several conserved
residues (Ile124, 1le126, Ala346, Met349, Thr365 and Leu369) from
boththe NBD and WHD subdomains undergoing large conformational
changes during activation (Fig. 2d). Interestingly, this pocket exists
only in the activated open huNLRC4 and is partially formed in the
closed model (Fig. 2d). Insertion of Phe435 into this partially formed
pocket may unlock the closed huNLRC4, triggering the conformational

changes required for subsequent oligomer assembly (Fig. 2e). In
mNLRC4, this residue is Leu435 (Extended Data Fig. 5b). However,
mNLRC4-L435D mutation still displayed flagellin-induced interac-
tion with NAIPS but failed to form higher-order oligomeric complex™.
Here we propose a ‘lock-key’ mechanism for propagating huNLRC4
self-assembly into a full ring-like structure (Fig. 2e and Extended Data
Fig. 5b). The charge-complemented surfaces of the NBD-NBD bring
the catalytic ‘key’ in proximity to the receptor ‘lock’ surface, and the
subsequent insertion of this ‘key’ induces a conformational change
in NACHT. The LRR-LRR interface provides an additional docking
site, rigidifying the activated conformation to unlock the subsequent
huNLRC4s. Sequence alignment further indicates huNLRC4 has both
the receptor ‘lock’ for its own activation and the catalytic ‘key’ for
donating to activate the closed huNLRC4, while huNAIP only has the
catalytic ‘key’ without areceptor ‘lock’ site (Extended Data Fig. 5b and
Supplementary Information). Hence, open huNAIP can activate closed
huNLRC4, but neither open huNAIP nor huNLRC4 can directly activate
closed huNAIP. Indeed, a trigger such as T3SS Needle is required for
huNAIP activation and then huNLRC4 priming (Fig. 2e).

Cryo-EM structure of the Needle/huNAIP/huNLRC4-R8SA
complex

Unlike NLRC4, NAIP hosts three baculovirus IAP-repeat (BIR) domains
(Fig. 1a). However, multiple rounds of 3D classifications without
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Fig.3|Structure of the Needle/huNAIP/huNLRC4-R288A tripartite complex.
a, Cryo-EM map of Needle/huNAIP/huNLRC4-R288A Maps are colored by domain
organization. b, Surface representation with highlighted interaction residues

of huNAIP-huNLRC4 interfaces. The surface interfaces are colored to match
their respective counterparts. The charged and ‘key’ residues are highlighted
and colored on the basis of their properties: blue for positive, red for negative
and yellow for hydrophobic. ¢, Magnified views of the interfaces with main and

side chainsin cartoon and sticks, respectively. d, Zoom-in views of huNAIP BIR
domains. e, Magnified views of nucleotide-binding pockets in the open human
NAIP (top) and NLRC4-R288A (bottom). Main and side chains of residues around
ATP are shown as cartoon and sticks, respectively. f, Structure overlay of the open
and modeled closed huNLRC4 at the nucleotide binding site. Wheat, ‘key’ from
the catalytic open huNLRC4. The side chain of Phe435 and ADP is shown as sticks.
Loopy;s 17 is highlighted.

alignment did not separate any particle with features from NAIP-BIRs
nor Needle. Thesymmetry operations that we applied during the struc-
tural reconstruction of the WT disk may average out the features. The
huNLRC4-R288A mutant preferably forms a complex composed of
NeedleTox, huNAIP and huNLRC4-R288A in equal molar ratios (Fig. 1b).
Cryo-EManalysis of theintermediate Needle/huNAIP/huNLRC4-R288A
complex, without symmetry operation, revealed a structure with two
apparent NLRC4-like protomers (Fig. 3a, Table 1 and Extended Data
Figs. 2 and 3). The quality of the EM density map allowed us to model
one protomer as huNAIP with features of BIRs which embraces Nee-
dle, and the other as an activated huNLRC4-R288A interacting with

huNAIP forming extensive charged, polar and hydrophobicinteractions
(Fig.3b,c).

NAIP/NLRC4 interactions in priming the NLRC4 activation

The huNAIP ‘Key’, Leu736, interacts with the ‘lock’ site in the acti-
vated huNLRC4-R288A (Fig. 3c and Extended Data Fig. 5b). Similar
tothe huNLRC4 tri-protomer at the NACHT interfaces, three pairs of
salt bridge bonds were formed between huNAIP Lys569, Arg574 and
Arg590 and huNLRC4-R288A Asp222, Asp104 and Asp125, respectively
(Fig.3c).In contrast, there are two additional salt bridges (Arg1380-
Glu600 and Asp1367-Arg678) between the huNAIP/huNLRC4-R288A
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LRRs. huNAIP hosts one short amino-terminal domain (N) followed
by three tandem BIR domains (BIR,_;) (Fig. 1a). The BIR,_;abutting the
NACHT domain forms extensive interactions with the NBD and WHD
subdomains, while the N protruding toward the LRR interacts with
both WHD and HD2 subdomains (Fig. 3a,d). There are no direct con-
tacts between the BIR,_;and huNLRC4-R288A. Each BIR harbors one
zinc-finger motifincluding three cysteines and one histidine, which
coordinates azincion. Relatively strong densities were observed for
each zincion binding site suggesting that the zinc ions were copuri-
fied with the protein (Extended Data Fig. 3). The loop;s,_39; cONnect-
ing the BIR;and NACHT was not modeled due to the poor density at
that region, indicating a dynamic character. A non-protein density
located inthe core of NACHT was modeled as ATP, forming extensive
interactions with the Walker A motif, and WHD subdomain (Fig. 3e
and Extended Data Fig. 3). Three positively charged residues (NBD:
Lys476 and Arg582; WHD: Arg677) surround the triphosphate tail,
while Arg582 is a histidine residue in the murine NAIPs (Fig. 3e top
and Supplementary Information). Unlike the closed mNLRC4", no
nucleotides were observed in the open huNLRC4 despite huNAIP
and huNLRC4 sharing a similar nucleotide binding motif (Fig. 3e
bottom, Extended Data Fig. 5a and Supplementary Information).
Insertion of the ‘key’ from either huNAIP or huNLRC4 narrows the
nucleotide-binding pocket via loop,;5_1,; in the receptor huNLRC4,
making it unfavorable for nucleotide binding (Fig. 3e,f). In contrast,
huNAIP does not possess the receptor ‘lock’ site for this ‘key’ inser-
tion; hence, its nucleotide-binding pocket is preserved in its open
form (Fig. 3e and Extended Data Fig. 5b). The distinct nucleotide
binding modes imply that the nucleotide binding may play distinct
roles between huNAIP and huNLRC4?°%,

The huNAIP has a unique feature that the last eight residues pass
through the insertion domain (ID), and pull the ID toward the huN-
LRC4-LRR, creating additional hydrogen-bond interactions between
huNAIP Asp949 and huNLRC4 GIn675 and Arg678 (Figs. 1a, 3b,cand 4a).
We call this region the ‘lasso-like motif” because of its shape. The
lasso-like motif was also observed in the open murine NAIPS structure,
thereby indicating it is a conserved element across all murine NAIPs
and huNAIP (Supplementary Information)*.

Pathogen sensing through Needle/huNAIP interactions

We have identified here that the bacterial T3SS Needle triggers
the activation of huNAIP initiating the Needle/huNAIP/huNLRC4
inflammasome complex assembly. In the structure, Needle adopts
a helix-hairpin-helix structure that forms extensive interactions
with huNAIP (Fig. 4a and Extended Data Fig. 6a). Needle C-terminus
was anchored into a narrow pocket formed by the huNAIP N, BIR, and
HD1 domains. Needle Arg375, Lys364, and Asp367 form salt bridge
interactions with N Asp16, Glu37 and HD1-Lys631, respectively.
Needle Val371and Phe374 were in a hydrophobic pocket composed
of N Leu20,23,27,34,38 and BIR,-Leul09, and HD1 Met626 and Val627.
Needle N-terminus was positioned to one side of awide opened cleft
formed by huNAIP N, NACHT and ID domains with hydrophobic
interactions between Needle Trp300 and huNAIP Val865, Leu868
and Tyr872, methylene groups of Lys869, and Leu900. Several intra-
and inter-hydrophobic interactions were formed within Needle’s
two-helix bundle and between the bundle and the channel formed
by ID, the lasso-like motifand LRR. One salt bridge (Glu348-Arg1358)
was formed between Needle and huNAIP LRR. It has been reported
that human and murine NAIPs respond to Needle, flagellin or PrgJ,
but not to Ssal”*'®", A hydrophobic residue followed by a conserved
Argresidue atthe C-terminus plays animportantrole in the recogni-
tion, while this pattern is missing in Ssal (Fig. 4a and Extended Data
Fig. 6b). In addition, Needle, Flagellin and PrgJ can adopt a helix-
hairpin-helix structure with similar surface charge distributions,
whereas the Alphafold2* predicted Ssal model prefers an alternative
extended conformation (Extended Data Fig. 6¢).

Structural basis of huNAIP activation

Astructural overlay of the activated huNAIP and mNAIP5" showed that
mNAIP5 has adeeper lasso-like motif with five more a.a. passing through
the ID loop (Fig. 4b,c). The variable tightness of the lasso-like motif
resultsin the closure of the horseshoe-like structure of LRR with differ-
ent diameters at the center. To investigate the impact of the lasso-like
motifon the dynamics of huNAIP, we performed molecular dynamics
(MD) simulations onthe WT and a carboxy-terminal truncate where the
ninethreaded residues are deleted. Inthe WT simulation, the lasso-like
motif was maintained throughout the simulation. To compare the over-
all flexibility, root mean squared fluctuation of all a-carbon atoms
were computed (Fig. 4d and Extended Data Fig. 7) after aligning the
trajectories onthe cryo-EMstructure using the backbone of the NACHT
domain. The C-terminal truncate simulation that lacks the lasso-like
motif showsincreased fluctuations for the whole protein, including the
NACHT domain on which the trajectories were aligned. Notably, the
ID domainthat formstheloop for the lasso also shows greater fluctua-
tions. The simulations suggest that the lasso-like motif rigidifies NAIP,
and thisrigidification may play aroleininflammasome assembly. A Des
9 C-terminal truncation on huNAIP (huNAIP,_;5,,) was introduced to
investigate this hypothesis and assess the impact of the lasso-like motif
onthe human NLRC4 inflammasome assembly. Purified NeedleTox, FL
huNAIP or huNAIP,_;3,, and huNLRC4 were mixed in a1:1:10 molecular
ratioand then subjected to analytical gel filtration analysis. Compared
to the FL huNAIP, huNAIP,_,,, still displayed Needle-induced interaction
with huNLRC4 but with a compromised HMW oligomeric complex,
accompanied with the free huNLRC4 monomers (Fig. 4€e). Since the
truncated sequence does not directly interact with the huNLRC4, per-
turbing the lasso-like motif will destabilize the Needle/huNAIP binary
complex. These observations indicate that a rigid lasso-like motif is
required for human NAIP/NLRC4 inflammasome assembly.

The adjustable tightness of the lasso-like motif assists in the acti-
vation of huNAIP (Fig. 4f). We speculate that this motif forms upon
Needle binding to huNAIP, since a preformed lasso-like motif would
limit trigger recognition (Fig.4a,b). Uponbinding, the ID and lasso-like
motif exertalong-range effect onthe NACHT domain viathe Needle’s
C-terminal helix pushing into the pocket formed by huNAIP N, BIR,
and HD2 domains, thereby activating huNAIP (Fig. 4f). Indeed, the
C-terminal 35-residue peptide from flagellin is sufficient to activate
mNLRC4-mediated immune response”. From the structure, the Nee-
dle’s C-terminal helix bridges the lasso-like motif, ID, and the pocket
with extensive interactions (Fig. 4a). This lasso-like motif appears to
function as a‘cable tie’ strengthening the Needle/huNAIP complex to
activate huNAIP and lockitin an open conformation (Fig. 4f).

Proposed huNLRC4 oligomeric assembly mechanism

The last step of inflammasome assembly is the incorporation of the
10th or 11th huNLRC4, ending with a fully assembled inflammasome
disk. The structures of the Needle/huNAIP/huNLRC4-R288A and the
huNLRC4pogiiona/NUNLRC4 pgiions/ NUNLRC4 poiiionc tri-protomer allowed
us to extrapolate the mechanism of this final step. Both complexes
were super-imposed using the huNLRC4-R288A and huNLRC4giionc
(Fig. 5a). huNLRC4gtions and huNLRC4p;i0na Mmay represent the
huNAIP in the fully assembled disk, and the last huNLRC4 closing the
disk, respectively. Structures of huNLRC4-R288A and huNLRC4;;¢ionc
canbe overlaid with r.m.s.d. 2.1 A, while major clashes were observed
between the huNAIP BIR; and huNLRC4iiona~NACHT (Fig. 5b,c mid-
dle). Both BIR,_, would need to adjust their positions since the loops
connecting the BIRs would clash with the huNLRC4,;i0ns~NACHT
(Fig. 5b,c right). Notably, the huNAIP LRR would need to rotate ~20°
toward the Needletobeincorporatedinto the disk (Fig. 5a,cleft). This
structural comparison highlighted the major structural rearrange-
ments needed on BIR,_; and LRR for huNAIP to be incorporated into
the fully assembled disk. These rearrangements would either cause the
release of Needle from huNAIP or the entire Needle/huNAIP complex
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(1-4) and lasso-like motif. Main chains, side chains, ATP and Zn ions are shown
as cartoon, sticks, sticks and spheres, respectively, and colored by domain
organization. b, Left: structural overlay of huNAIP and NAIP5 at the lasso-like
motif. HUNAIP, NAIPS, flagellin and Needle are shown in cartoon and colored in
gray, wheat, dark green and light green, respectively. Right: the LRRs are shown
as surface highlighting the diameter difference between huNAIP and NAIPS.
Flagellin and Needle are shown in cartoon and colored in dark green and light
green, respectively. ¢, Sequence alignment at the C-terminus of NAIPs. The
sequences passing through the ID loop in huNAIP and NAIP5 are highlighted
ingray and wheat, respectively. d, Expansion of the 50 frames from an MD
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atthe C-terminus. The trajectories are aligned on the loop resides forming the
lasso-like structure. e, Analytical gel filtration analysis of purified huNLRC4
inflammasome with and without C-terminal truncation. FU, fluorescence units.
f, Schematic representation of proposed huNAIP activation steps. The Apo NAIP
adopts a dynamic conformation without formation of the lasso-like motif. In

its open form, NAIP creates a large association interface to rapidly capture the
Needle. The engagement of Needle guides the C-terminal region through the

ID loop, tightening the lasso-like motif and strengthening the complex. This
activated NAIP/Needle complex provides a ‘key’ (Leu736) and a large catalytic
interface (Fig. 3b,c) for the activation of closed huNLRC4, initiating the assembly
ofthe human NLRC4 inflammasome.

fromthe disk (Fig. 5d models1and 2). Both hypotheses are consistent
with the observation that there are no Needle nor BIR,_; features in
the assembled disk (Fig. 1c). The released Needle or Needle/huNAIP
complex may initiate another round of inflammasome assembly or be
subject to degradationto stop furtherimmune activation, depending

on the insult. Interestingly, stacked disks with multi-layers from the
flagellin/mNAIP5/mNLRC4 inflammasome were reported previously*.
We observed similar stacked Needle/huNAIP/huNLRC4 inflammas-
ome particlesinrawimages (Extended Data Fig. 2b). Thisimplies that,
instead of alarge structural rearrangement of huNAIP, huNLRC4 may
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d, Proposed huNLRC4 inflammasome assembly model: Needle binding activates
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then activates closed huNLRC4, initiating huNLRC4 inflammasome assembly
(Fig. 4f). Inthe final step as shown, the tenth huNLRC4 incorporates into the disk,
interacting with NAIP from the backside. Conformational changes in NAIP are
required to fully close the assembly disk, which may resultin the release of the
Needle from the Needle/NAIP complex (model 1), the release of the Needle/NAIP
complex from the disk (model 2) or continuous stacking of NLRC4 on top of the
Needle/NAIP complex to form astacking disk (model 3).
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continue to assemble on top of the Needle/huNAIP, forming spirally
stacked disks (Fig. 5d model 3). These stacked disks, only observed from
the FL murine? or huNLRC4 inflammasomes, are possible due to the
central CARD helical structure along with the plasticity of NLRC4-LRR,
the bulky BIR,_; of NAIPs, and the rigid Needle/huNAIP complex, work-
ing synergistically. Nevertheless, we cannot exclude that this might be
aresult of ourinvitro system. Future studies within a cellular context
could validate this assembly process.

Discussion

The cryo-EM structures of the FL NAIP/NLRC4 complex provide critical
structural insights into the formation of the NAIP/NLRC4 inflamma-
someinhumans. Our results shed light on the precise molecular modal-
ities of pathogen sensing by huNAIP to instigate an innate immune
response through NLRC4. From the structures, huNAIP or mNAIP5
form interactions with more than half of the sequence of Needle or
Flagellin, respectively, in which 50% of interactions are hydrophobic
(Extended Data Fig. 6a). A large ratio of hydrophobic to hydrophilic
interactions may accelerate the association rate between the NAIP
and trigger, but with modest specificity, which enhances sequence
tolerance, meanwhile reducing the risk of escape mutations. Indeed,
the recognition of mMNAIP5 to Flagellinwas not abolished by point muta-
tions'". In addition, the adjustable tightness of the lasso-like motif
may grant NAIP next level of freedom in the trigger recognition since
the recognition interface may vary accompanying the tightness of
the lasso-like motif (Fig. 4f). Unlike murine NAIPs, the single huNAIP
isoform has been reported to broadly respond to Needle, Flagellin
and PrgJ inhuman macrophages®**. Here we show that NeedleTox but
neither RodTox nor FlaTox is sufficient toinduce arobust and complete
inflammasome formation in our biochemical system (Extended Data
Fig.1). Our biochemical assays demonstrate the formation of a stable
complex between Needle and huNAIP, enabling structural studies. How-
ever, we cannot disregard the possibility that weaker binding triggers
such as RodTox or FlaTox might also be sufficient to activate NLRC4
inflammasome assembly in human macrophages. Furthermore, broad
recognition was observedin human primary cellsbut notin THP-1and
U937 cell lines, possibly due to the presence of the huNAIP isoform
specifically expressed in primary cells?. Moreover, post-translational
modifications (such as phosphorylation and potentially ubiquitination)
in human cell types may differ from the mouse system””**, These modi-
fications and their interactions with other regulators could enhance the
broad recognition of human NAIP toward various triggers. Currently,
we only have interaction profiles available for mNAIP5/Flagellin and
huNAIP/Needle®. Consequently, we are unable to fully explain why
human NAIP recognizes multiple triggers solely on the basis of the
available structural information. Further structural studies involving
both murine and human NAIPsin conjunctionwith other triggers could
shed light on the selection mechanisms for pathogen sensing.

The human NAIP and NLRC4 apply distinctive activation mecha-
nisms. The recent structure of mNAIPS alone helps to get a sense of
NAIP’s plasticity*. Unlike NLRC4, NAIP alone does not possess a recep-
tor surface. The association with the triggers followed by the tightening
ofthelasso-like motif synergistically activates the NAIP (Fig. 4f). From
the structure of Needle/huNAIP/huNLRC4-R288A, the C-terminus of
the Needle forms direct interactions with huNAIP BIR, domain that may
rigidify the other BIRs. Therigidified BIR,_;and the trigger can serve as
the fiducial markers for locating the NAIP in the NLRC4 inflammasome
disk structures. NAIP was captured in a partially assembled flagellin/
mNAIP5/mNLRC4 open disk”. However, NAIP was not observed in
fully assembled closed disk structures of both murine and human
NLRC4 inflammasomes". Our structural overlays further indicated
the BIR; may clash with the last NLRC4 within the fully assembled disk
and large conformational changes are needed for Needle/huNAIP to
be fully incorporated into the assembled disk, which may induce the
release of the Needle and rearrangement of the BIR,_; domains (Fig. 5d).

Furthermore, using analytical size exclusion column and mass photom-
etry Refeyn, we observed a notable peak that may correspond to the
free NAIP or Needle/NAIP when mixed with WT NLRC4 (Extended Data
Fig.1g,h). Atechnique suchas cryogenic electron tomography may be
helpful toaccurately visualize theinflammasome and determineif the
Needle/NAIP complex is present in the fully assembled closed disk.

A short segment of CARD/PYRIN domain helical structure posi-
tions at the center of the activated huNLRC4/NLRP3 disk structures,
respectively (Fig. 1d and Extended Data Fig. 4)*°. Green fluorescent
protein (GFP) fusionand point mutations (F,,A and Dg;A) inthe mNLRC4
CARD domain resulted in a partially assembled flagellin/mNAIP5/
mNLRC4 open disk. Our unpublished data using N-Term SumoStar
tagged NLRC4, asmaller domainthan GFP,showed a partially open disk.
Removingthe N-termtag, with or without the CARD, resulted in the fully
assembled disk. These findings suggest that the N-terminal-tagged
NLRC4 CARD sterically hinders NLRC4 inflammasome assembly™>".
However, the CARD is dispensable for the NLRC4 activation and disk
formation”, while the presence of PYRIN domain, ASC, and reorganiza-
tion of oligomerization state play critical rolesin the NLRP3 activation
and disk formation”. The striking differences of oligomerization states,
and PYRIN/CARD domainrequirements in the disk assembly, indicate
that NLRP3 and NLRC4 use distinctive pathways in their activation. We
proposed astructural mechanism critically involved in the regulation
of disk assembly through ‘lock-key’ interactions in NLRC4 (Fig. 2e
and Extended Data Fig. 8). Activated NAIP or NLRC4 donates a large
catalytic surface hosting one ‘key’ at the NACHT for NLRC4 activation.
The LRR provides a secondary docking site for the NLRC4 activation
that is missing in the NLRP3 inflammasome structure®. The activated
NLRP3 disk structures showed that centrosomal kinase NEK7 does not
directly participate in NLRP3 oligomerization.

Since nucleotides were not present in the open NLRC4 structures,
we speculate the NLRC4 activation does not require ATP hydrolysis.
This is consistent with the low ATP hydrolysis activity observed with
the FL huNLRC4 in our reconstituted system. We hypothesize that the
ADP observed bound in the closed mMNLRC4 monomers® plays more of
astructural functionandthe ‘lock-key’ insertion mechanism facilitates
ADP release upon the complete opening of huNLRC4 (Fig. 3e,f). Inline
withthat, most NLRC4 gain-of-function mutations are close to the nucle-
otide binding site and thereby might subsequently reduce ADP affinity
and perturb the protein stability. This event might be sufficient to open
and hyperactivate huNLRC4 to trigger inflammatory diseases. This lack
of dependency of huNLRC4 inflammasome assembly on ATP hydrolysis
contrasts with other inflammasomes including NLRP3 and NLRP1*°*,

The NAIP/NLRC4 inflammasome in humans is crucial to the
host immune response to bacterial infections and contributes to
auto-immune and inflammatory diseases in asterile condition. These
structural insights presented here pave the way to tailored develop-
ment of important specific anti-infectious and anti-inflammatory
therapeutic agents.
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Methods

Recombinant proteins

All gene synthesis and cloning was done at Epoch Life Science. The
optimized DNA sequences are listed in Supplementary Data 1 and
insertedinto the vectors described. Recombinant flagellin of Legionella
pneumophilia with an N-terminal lethal factor (Lfn) known as FlaTox
was purchased from VIB Protein Service Facility.

Purifications were done at 4 °C unless otherwise specified.

6His.Lfn.Needle of Bacillus thailandensis (NeedleTox) and 6His.
Lfn.PrgJ of Salmonella Typhimurium (RodTox) were generated as pre-
viously described® with modifications in the purification. NeedleTox
was released from collected cell paste by pressure drop lysis through
a microfluidizer in 25 mM HEPES pH 7.5, 0.5 M NaCl. NeedleTox was
captured by HisTrap HP column and eluted with 0.4 Mimidazole before
purification Superdex 200 with phosphate-buffered saline at pH 7.4.
RodTox was released from collected cell paste by pressure drop lysis
through a microfluidizer in 25 mM HEPES pH 7.5, 0.3 M NaCl with 1x
proteaseinhibitors and purified with Ni-NTA resin followed by heparin
and then polished on Superdex 200 with phosphate-buffered saline
atpH74.

DNA encoding FL human NLRC4 (UniProt Q9NPP4) and FL human
NLRC4 R288A were engineered with FLAG.8His.SUMOstar.CfaC** at the
N-terminus and inserted into a PVL1393 vector (Epoch Life Sciences).
P2 BIICs were generated and used to infect Sf9s for 96 hat 27 °C. NLRC4
WT and R288A mutant were released from cell paste by sonication in
25 mM Tris-HCI pH 8.0, 150 mM NaCl, 0.2 mM tris(2-carboxyethyl)
phosphine (TCEP) and 20% glycerol with Complete EDTA protease
inhibitors (Sigma-Aldrich). NLRC4 constructs were captured from
clarified lysate supernatant by His-Pur Ni-NTA resin (Thermo Fisher Sci-
entific) in the presence of 25 mMimidazole. The Ni resins were washed
with2 M NaCl followed by a10 mM ATP-MgCl, wash inlysis buffer and
then eluted with 0.4 Mimidazole. The Ni eluates were further purified
withanti-DYKDDDDK resin (Pierce) and NLRC4 constructs were eluted
with 0.25 mg ml™ H2N-DYDDDDK-OH (New England Peptide) in lysis
buffer. The N-terminal tags were cleaved by overnightincubation with
CfaN peptide®*. The monomeric peak from Superdex 200 in 25 mM
HEPESpH7.4,0.4 MNaCl, 0.2 mM TCEP and 20% glycerol was pooled.

DNA encoding FL human NAIP (UniProt Q13075) or C-terminal
Des9 truncate (huNAIP,_;;,,) were engineered with FLAG.8His.MBP.
TEV.CfaCatthe N-terminus andinserted into aPVL1393 vector (Epoch
Life Sciences). P2 BlICs were generated and used to infect Sf9s for 96 h
at 27 °C. FLAG.8His.MBP.TEV.CfaC.NAIP constructs were released
from cell paste by sonicationin 25 mMHEPES pH 7.4,0.4 MNaCl, 0.4%
CHAPS, 20% glycerol and 0.2 mM TCEP plus Complete EDTA protease
inhibitors and captured from the clarified lysate supernatant onto
amylose resin (NE BioLabs). After a2 M NaCl and a10 mM ATP-MgCl,
wash the FLAG.8His.MBP.TEV.CfaC.NAIP constructs were eluted with
20 mM maltose in lysis buffer.

The amylose eluates were either loaded directly onto Superose
6, or the N-terminal tag was removed by incubation with the CfaN
peptide. The monomeric peaks were pooled after polishing on Super-
ose 6 with25 MM HEPES pH7.4,0.4 MNaCl, 0.4% CHAPS, 0.2 mM TCEP
and 20% glycerol.

Analytical in vitro inflammasome formation

HUNLRC4, huNAIP, huNAIP,_;;, and assorted triggers (FlaTox, Need-
leTox or RodTox) were evaluated by Trp fluorescence on an analytical
Superdex 200 5/150 in 25 mM HEPES pH 7.4, 0.2 M NaCl and 0.2 mM
TCEP as either a mixture of 10:1:1 (NLRC4:NAIP:trigger) or individual
subunits.

Invitro inflammasome formation for cryo-EM

HuNLRC4, FLAG.8His.MBP.TEV.CfaC.NAIP and NeedleTox were com-
plexed in final molar ratio of 10:1:1, respectively. HUNLRC4-R288A,
huNAIP and NeedleTox were complexed respectively in a10:1:1 molar

ratio. Intact complexes were isolated on Superose 6 in 25 mM HEPES
pH7.4,0.2MNaCland 0.2 mM TCEP.

Grid preparation and data acquisition

Atotal of 3.5 pl of purified unconcentrated Needle/huNAIP/huNLRC4
or 0.2-0.3 mg ml™ Needle/huNAIP/NLRC4 g5, complex was applied
to the plasma-cleaned (Gatan Solarus) Quantifoil 1.2/1.3 UltraAuFoil
holey gold grid, and subsequently vitrified using a Vitrobot Mark IV
(FEI Company). Cryo grids were loaded into a Glacios transmission
electron microscope (Thermo Fisher Scientific) operating in nano-
probe at 200 keV with a Falcon IV direct electron detector. Images
were recorded with Thermo Scientific EPU software in counting mode
with a pixel size of 0.948 A and a nominal defocus range of —2.4 to
-1 um. Data were collected with a dose rate of 5.3 electrons per physi-
cal pixel per second, and images were recorded with a 7.2 s exposure
inelectron-event representation format corresponding to atotal dose
of 43.8 electrons A2. All details corresponding to individual datasets
aresummarized in Table 1.

EM data processing

For the Needle/huNAIP/huNLRC4 complex, a total of 108,418 movies
were collected from multiple datasets. Per dataset, the movies were sub-
jected to beam-induced motion correction, contrast transfer function
parameter estimation, automated reference particle picking, particle
extraction with a box size of 480 pixels, and 2D classification in Cry-
0SPARC™ live during the data acquisition. Particle images with clear disk
features were merged and subjected to ab initio 3D reconstruction with
Cllsymmetryin CryoSPARC. Multiple rounds of optimized 3D heteroge-
neousrefinementyielded one class with aclear 11-mer density, contain-
ingatotal of 72,822 particles. Three-dimensional reconstruction using
the particles from the rest classes preserved the disk features, but the
resolutionwas notimproved imposing the C11symmetry. The particles
were further analyzed with 2D classification revealing a 12-mer feature
and then subjected to ab initio 3D reconstruction with C12 symmetry.
Three-dimensional heterogeneous refinement yielded one class with
a clear 12-mer density, containing a total of 21,406 particles. The 11- or
12-mer particles were refined with C11 or C12 symmetry, respectively.
Particles were then subjected to symmetry expansion, and then three
successive protomers were masked and subjected to local refinement
with C1symmetry with the standard deviation of prior over rotation/
shift parameters set to 3° and 2 A, respectively. To improve the map
quality of the CARD part, local focused refinement was carried out using
the 11-mer particles without imposing symmetry. Thinking that the
NACHT-LRR disk features may be impeding image alignment, signal
subtraction to remove the signal from the NACHT-LRR disk was tried
with a soft mask in the particle images. The signal-subtracted particles
were directly input into refinement with/without helical symmetry but
did not furtherimprove the map quality of the CARD part. For the Needle/
huNAIP/huNLRC4-R288A complex, all steps before cryoSPARC ab initio
reconstruction were the same as for the Needle/huNAIP/huNLRC4, with
the extraction box size of 420 pixels. Starting from the cryoSPARC ab
initio 3D reconstruction, one class was selected with obvious huNAIP/
huNLRC4 density. Two rounds of optimized 3D heterogeneous refine-
mentyielded one class with clear huNAIP/huNLRC4 density, containing a
total of 106,381 particles. Those particles were refined with C1symmetry
using non-uniform refinement, yieldingamap at3.9 A resolution. Further
particle polishing based on the map at 3.9 A resolution and additional
3D classificationimproved the map quality and resolution to 3.6 A. Local
resolution was calculated using BlocRes implemented in cryoSPARC.
Thenumber of particlesin each dataset and other details related to data
processing are summarized in Table 1and Extended Data Fig. 2.

Model building and refinement
The initial templates of the NeedleTox, human NAIP and NLRC4 were
derived from a homology-based model calculated by SWISS-MODEL*®.
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The modelwas docked into the EM density map using Chimera® and fol-
lowed by manual adjustment using COOT>®. Note that the EM density of
the CARD domain at the center disk was not sufficient to build the model.
Eachmodel wasindependently subjected to global refinement and mini-
mizationinreal space using the module phenix.real_space_refine in PHE-
NIX*’ against separate EM half maps with default parameters. The model
was refined into a working half map, and improvement of the model
was monitored using the free half map. Model geometry was further
improved using Rosetta*®. The geometry parameters of the final models
were validated in COOT and using MolProbity* and EMRinger**. These
refinements were performediteratively untilno furtherimprovements
were observed. The final refinement statistics are provided in Table 1.
Model overfitting was evaluated through its refinement against one
cryo-EMhalfmap. Fourier shell correlation (FSC) curves were calculated
between theresulting model and the working half map as well as between
theresulting model and the free half and full maps for cross-validation.
Figures were produced using PyMOL* and Chimera.

MD simulation

Explicitsolvent MD simulations were performed onapo NAIP toinves-
tigate its flexibility and dynamics in solution. The initial structure for
the simulation was taken fromthe cryo-EM ternary complex. Residues
352-393 between the BIR; and NATCH domain were not resolved in
the cryo-EM. Since the focus of the simulation was on the ID domain
and its interaction with the C-terminal tail, we excluded the domain
N-terminus of the NATCH domain. The first N-term residue in the simu-
lation constructs was Ala,,,. The simulations included three structural
zincions aswell as ATP.

Twosimulations were performed: one for the WT NAIP (referred toas
‘WT’) and another with the nine C-terminal residues truncated (referred
to as ‘C-terminal truncate’). The truncated residues form the lasso-like
structure by threading through residues 930-960 of the ID domain.
The terminal residue in the C-terminal truncate simulation was lle1394.

To enhance sampling of thelasso ring REST (replica exchange with
solute tempering) MD** simulations were performed with the lasso
residues 930-960 kept ‘hot’. Eight replicas were used and the simula-
tionswererunat300 Kand1bar. Eachreplicawas runfor100 nsusing
the Desmond simulation package® in Schrodinger 2021-1 (www.schro-
dinger.com). The systems were protonated at neutral pH and centered
ina cubicboxsuch that the minimum distance fromany protein atomto
the box wall was 10 A. The box was solvated using simple point-charge*®
water molecules and counterions were added to neutralize the system.
OPLS4 force field*” was used as the potential energy function for the
protein. Default relaxation protocol in Maestro was employed before
the production simulations.

Simulations were performed on Amazon Web Services cloud com-
puting platform with each simulation employing 8 NVIDIA Tesla K80
GPU cards (Nvidia). The production runwas 100 ns long, and the final
trajectory from each replica contained 2,000 conformations saved
at an interval of 50 ps. The number of atoms in the simulations were
approximately 240,000 and a single simulation took approximately
8 days of wall time. A time step of 2 fs was used, and exchanges were
attempted at an interval of 1.2 ps. In all simulations, the acceptance
ratio of exchanges between the adjacent replicas was observed to be
between 0.2 and 0.4. The results presented here correspond to the
physical replica.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The cryo-EM maps of the human NLRC4 C11, C12 and Needle/huNAIP/
huNLRC4-R288A have been deposited withaccessioncodes (PDB8FW?2,
EMD-29496), (PDB 8FW9, EMD- 29498) and (PDB 8FVU, EMD- 29493),

respectively. Previously published models, used to interpret human
NLRC4 and NAIP structures, were presented in this study along with
their corresponding PDB ID codes (3JBL, 7RAV, 4KXF, 6B5B and 6K8]J)
andreferences. Other dataare available from the corresponding author
upon reasonable request. Source data are provided with this paper.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| Analytical Superdex 200 gel filtration analysis of
purified proteins. a,b,c. Chromatogram of NAIP, NAIP+Needle, and NLRC4,;,
respectively. d,e,f. Chromatogram of protein mixtures with various triggers.
HMW species were detected in the mixture of Needle, NAIP, and NLRC4r. The
dashed linesindicate the relative elution volume of the HMW species.

g. Analyticasize exclusion profiles of Needle:NAIP (1:1), NAIP:huNLRC4-R288A

(1:1), Needle:NAIP:huNLRC4-R288A (1:1:1), and Needle:NAIP:huNLRC4,; (1:1:10)
mixtures, respectively. Dashed lines indicated the relative elution time of HMW,
Needle/NAIP, NAIP, or huNLRC4, respectively. h. Mass photometry Refeyn data of
Needle:NAIP:huNLRC4,,; (1:1:10, in orange), and Needle:yp;.1305-hUNLRC4 (1:1:10,
inblue) mixtures. These experiments were repeated three independent times.
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distribution of the particles used in the final reconstruction. The particle

distributionis indicated by different color shades. e. Fourier shell correlation
(FSC) curve of the structure with FSC as a function of resolution using cryoSPARC
output. f. Model validation. Comparison of the FSC curves between model

and half map 1 (work), and model and half map 2 (free) are plotted in and red,

respectively. These experiments were repeated three independent times.
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NLRC4 Inflammasome
* Focused on Trimer

NEEDLE

Extended Data Fig. 3| Cryo-EM densities of NLRC4 Triprotomer and Needle/NAIP/NLRC 4R288A complex. Cryo-EM density is sharpened and displayed at the
contour level 8¢ for the highlighted regions. The atomic models with side chains are shown as sticks. The segments are labeled and colored asin Fig. 1a.
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Extended Data Fig. 4 | The CARD domain of human NLRC4 inflammasome. The Structure of NLRC4 CARD filament (PDB ID: 6K8]J) is shown as cartoon colored
magenta and docked into the EM density map of human NLRC4 inflammasome with 11 protomers.
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Extended Data Fig. 5| See next page for caption.
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Extended DataFig. 5| Sequence alignment of NLRC4. a. Conserved residues with the back NLRC4, respectively. b. Sequence alignments of NLRC4 and NAIP
are highlighted and filled in gray. Residues involved in binding are highlighted atthe ‘LockKey’ regions. Conserved residues are highlighted and filled in gray.
using orange and cyan circles for the NACHT-NACHT and LRR-LRR interactions Critical residues were highlighted using black and white circles with black

with the NAIP, blue and gray circles with black outlines for the interactions with outlines, respectively.

the front NLRC4, blue and gray circles without black outlines for the interactions
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Extended DataFig. 6 | Sequence alignment of Needle, Flic, PrgJ, and Ssal. Conserved residues are highlighted and filled in gray. c. Electrostatic surface
a.Sequence alignment of Needle and FliC. The secondary structural features are charges of Needle, PrgJ, FliC, and Ssal. The structures of Needle and FliC are
presented according to the Needle/huNAIP/huNLRC4R288A structures in this from this study and PDB ID: 5YUD. The structures of PrgJ and Ssal are AlphaFold2
study and PDBID:5YUD. b. Sequence alignment of Needle, PrgJ, FIiC, and Ssal. predicted models.
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Extended Data Fig. 7| Molecular Dynamic simulations. RMSF (Root Mean
Squared Fluctuation) of the CA atoms for the huNAIP,,, 1,05 (black) and
huNAIP394-1394 (red) simulations computed after aligning the trajectories
on NACHT domain from the Cryo-EM structure. The fluctuation pattens are
following the domain boundaries. Since the alignment was performed on the
NACHT domain, for both simulations, the fluctuationsin the NACHT domain
are lower thanin the other domains. However, the fluctuations of NACHT and

LRR domains in huNAIP394-1394 simulation are higher than those in huNAIP
simulation. Overall, the simulations suggest that perturbing the lasso-like
structure in the C-term Truncate destabilizes the whole protein. We further
inspected the flexibility of the lasso-like ring (residues 930-960) in the ID domain.
Although the RMSF plot shows similar fluctuations in the ID domain, aligning

the trajectories on the CA atoms of the lasso-like ring shows that the ring is
substantially more flexible in huNAIP, 5q,.
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Extended Data Fig. 8 | Closed and Open huNLRCA4. a. Different views of the
electrostatic surface potentials of Needle/huNAIP, open and closed huNLRC4
calculated with the APBS. b. Proposed steps of huNLRC4 activation. The closed
huNLRC4 was derived from the closed state of muNLRC4. NACHT is in blue or
cyan for the Activated or Closed huNLRC4, respectively. LRRis in light or dark

gray for the Activated and Closed huNLRC4, respectively. 1. Association step, the
closed huNLRC4 associates with the activated huNLRC4 via the charge-charge
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i

surfaceinteraction onthe NACHT domains. 2. Unlock step (alsoin c), the ‘Key’
from the activated huNLRC4 inserts into the ‘Lock’ on the closed huNLRC4,
triggering the conformational changes. The NACHT unlocking allows large
movement of LRR, establishing a second binding surface between LRRs. The
arrows highlight the movements during activation. ¢. Schematic representation
of proposed ‘Key and Lock’ unlocking mechanism. 1. Association step and 2.
Unlock step.
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