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The nucleotide-binding domain (NBD), leucine rich repeat (LRR) domain
containing protein family (NLR family) apoptosis inhibitory proteins (NAIPs)

are cytosolic receptors that play critical roles in the host defense against
bacterial infection. NAIPs interact with conserved bacterial ligands and
activate the NLR family caspase recruitment domain containing protein 4
(NLRC4) toinitiate the NAIP-NLRC4 inflammasome pathway. Here we found
the process of NAIP activation is completely different from NLRC4. Our
cryo-EM structure of unliganded mouse NAIP5 adopts an unprecedented
wide-open conformation, with the nucleating surface fully exposed and
accessible to recruitinactive NLRC4. Upon ligand binding, the winged helix
domain (WHD) of NAIP5 undergoes roughly 20° rotation to form a steric
clash with the inactive NLRC4, which triggers the conformational change
of NLRC4 frominactive to active state. We also show the rotation of WHD
places the 17-18 loop at a position that directly bind the active NLRC4 and
stabilize the NAIP5-NLRC4 complex. Overall, these data provide structural
mechanisms of inactive NAIP5, the process of NAIP5 activation and
NAIP-dependent NLRC4 activation.

The nucleotide-binding domain (NBD), leucine rich repeat (LRR)
domain containing protein family (NLR family) comprises a group of
fascinating proteins that play multiple roles in the immune system'’.
The NLR apoptosisinhibitory proteins (NAIPs) and NLR family caspase
recruitment domain containing protein 4 (NLRC4) initiate inflamma-
tionthrough the NAIP-NLRC4 inflammasome pathway. In this pathway,
NAIPisthe receptor of abacterial ligand to mountinflammation against
pathogenic Gram-negative bacteria, such as Legionella pneumophila
and Salmonella typhimurium®. There are multiple NAIP proteins in mice.
Among them, NAIP2 recognizes the Rod proteins such as Salmonella
PrgJ, NAIP5 and NAIP6 recognize Flagellin proteins such as Salmonella
FliC or LegionellaFlaA, and NAIP1recognizes Needle proteins such as
SalmonellaPrgl* . Unlike in mice, there is only one NAIP protein present
inhumans (hNAIP). It has the same domain organization as mNAIPs, but

may respond to all three bacterialligands’. After activation, NAIPs can
activate NLRC4 and form the wheel-like NAIP—NLRC4 inflammasome
complex, which further recruits and activates the effector protein
pro-caspase-1 (refs. %%,

Structurally, the NBD, together with helical domain 1 (HD1),
winged helix domain (WHD) and helical domain 2 (HD2), forms the
ATPase domaininboth NAIP and NLRC4. At the N-terminal end, NAIPs
have three baculovirus inhibitor of apoptosis protein repeat (BIR)
domains, whereas NLRC4 contains a caspase recruitment domain
(CARD), which binds pro-caspase-1 CARD through the CARD-CARD
interaction™". NAIPS binds flagellin through extensive interactions
with the N-terminal helix (NTD), BIR1, HD1, HD2 and LRR domains, and
adopts an open conformation similar to that of NLRC4 in the inflam-
masome complex’*2°, One single copy of ligand-bound NAIP initiates
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NAIP—NLRC4 assembly by inducing in NLRC4 a roughly 90° rotation
of the WHD-HD2-LRR domains to expose the nucleating surface in
the NBD, which further converts more NLRC4 molecules from their
closed auto-inhibited state to an open, activated, oligomeric state'*".

Previous studies have greatly enhanced our knowledge of the NAIP—
NLRC4inflammasomeinbacterial defense. However, our understanding
of NAIP regulation remains limited, mostly due to a lack of structural
information on inactive NAIP. NAIPs share the domain organization of
NLRC4, except for the N-terminal part. Therefore, inactive NAIPs were
proposed to adoptan auto-inhibited conformation similar to the inactive
NLRC4 (refs.'*">'%°), However, mutations that break the auto-inhibition of
NLRC4 are related to auto-inflammatory diseases®*, while no mutations
on NAIPs have been identified to cause auto-inflammatory diseases, to
ourbestknowledge. This maybe either because auto-activation of NAIP
islethal, orinactive NAIPs might have unique features that prevent them
fromauto-activation. Here we report the cryo-EMstructure of unliganded
NAIP5, and the conformational change during NAIPS activation, which
provide multipleinsightsinto the structural basis of NAIP-NLRC4 inflam-
masome activation.

Results

Cryo-EM structure determination of unliganded NAIPS5

We expressed recombinant full-length NAIP5 with an N-terminal Flag
tag from Expi293F cells, and purified it with anti-Flag affinity purifica-
tion followed by size-exclusion chromatography (SEC). The protein
elutes as two peaks from Superdex 200, including a void peak show-
ing irregular aggregation under negative staining EM, and an 11.5 ml
peak that contains well dispersed particles (Extended DataFig.1). The
fractions from the 11.5 ml peak were then combined, concentrated and
loaded back to SEC followed by multi-angle light scattering (MALS).
Theelution volume of the concentrated protein remained unchanged
from SEC-MALS, with a detected molecular weight corresponding to
monomeric NAIP5, indicating the 11.5 ml fraction is the NAIP5 mono-
mer (Fig. 1a and Extended Data Fig. 1). We then performed structural
analysis with the 11.5 ml peak fractions. Cryo-EM data were collected
using a Titan Krios microscope equipped with a K3 direct detector,
obtaining 3,682 micrographs at 0° tilt and 1,597 micrographs at 30°
tilt. After multiple rounds of two-dimensional (2D) classification, ab
initio reconstruction and heterogeneous refinement with cryoSPARC
andRelion***, afinal particle set containing 122,990 at 0° tilt and 36,523
at 30° tilt was obtained for nonuniform refinement, resulted a3.3 A
density map (Fig. 1b,c, Extended Data Fig. 2 and Table 1).

For model building, we first attempted to fit the AlphaFold pre-
dicted model of mouse NAIPS into the cryo-EM map”*. Even though
the N-terminal domains of the AlphaFold model fitin well, amismatch
starting from the WHD domain occurred, indicating conformational
difference. The AlphaFold model was then splitintoindividual domains
and fitted separately into the density map. The domains are then con-
nected and refined by multiple rounds of real space refinement in Coot
and Phenix'®"%%%,

Overall, our map has well resolved density in the BIR1, BIR2,
BIR3, NBD, HD1, WHD and a main part of the HD2 regions, but the
N-terminal helix (residues1-46), aloop of BIR3 (287-294), the linker
between BIR3 and NBD (residues 351-399), the inserted helix in
HD2 (residues 818-856) and the C-terminal part of the LRR domain
(residues 916-980, 1,076-1,403) are missing (Fig. 1c and Extended
DataFig. 3). Plotting the missing regions of the NAIP5""€aded model
onto the two published NAIP5"d structures showed that they
are mostly involved in NAIP5-flagellin interactions, indicating the
dynamic nature of these regions may be functionally important for
ligand recognition (Fig. 1e).

During cryo-EM data processing, we found homogeneous refine-
ment in cryoSPARC produced a lower resolution map but maintained
longer LRRdensity (Fig.1d and Extended Data Fig. 2a,c), sowe attempted
tofitthe LRR fragment (1,076-1,403) from the AlphaFold modelinto the

cryo-EM map of homogeneous refinement, and found only one potential
directionthat the LRR segment could fit (Fig. 1d). For the convenience of
discussion, we rigidly placed the LRR fragment into the homogeneous
refinement map, generating the model of NAIP5uniganded IR (Figr 1) The
unliganded NAIP5 does not form the closed, auto-inhibited structure
as observed in inactive NLRC4 (Fig. 1f)". Rather, it adopts a wide-open
conformation that is further extended from the active conformation
of NAIPS in the NAIP—NLRC4 inflammasome complex***%%° hereinaf-
ter called the wide-open conformation (Fig. 1g). The different inactive
conformations of NAIP5 and NLRC4 indicate the molecular mechanism
underlying their activation may also be different, despite their shared
conserved domain organization.

BIR domains and the nucleotide-binding pocket

The two published NAIP5"&%d structures (hereafter cited with their
Protein Data Bank (PDB) IDs 5YUD and 6B5B, respectively) traced the
BIR2 and BIR3 domains differently. When BIR1is aligned, BIR3in 6B5B
islocated at the tip of the molecule, while BIR2 was not observed. In
5YUD, BIR2is at the tip of the molecule and BIR3 is located in the back.
Our NAIP5U"ignded map has reliable density in the linkers connecting
BIR1-BIR2-BIR3, which supports BIR2 residing at the tip and BIR3 in
the back (Fig. 1c and Extended Data Fig. 3).

Our cryo-EM map also shows clear density corresponding to ATP
in the nucleotide-binding pocket, coordinated by NBD, HD1and WHD,
despite the absence of exogenous nucleotides added during purifica-
tion (Fig. 2a,b). This indicates that ATP, rather than ADP, binds strongly
to unliganded NAIPS. ATP density was also observed in active NAIPS in
5YUD (ref.").Superimposition of the ATP binding pocket of NAIP5!niganded
and 5YUD showed most residuesin ATP binding remaininthe same place,
exceptK678and Y679, which moved away from the ATP molecule on NAIPS
activation (Fig. 2b). To test whether this movement has functional conse-
quences, we mutated K678 and Y679 to L (KY2L). The protein was neither
auto-activated in the absence of ligand, nor deficient in IL-13 processing
whenligand wasadded, indicating the interactions of these tworesidues
with ATPis neither required for maintaining NAIPS inactive conformation,
nor forinflammasomeactivation (Fig. 2c). Moreover, NAIP5 only showed
slow ATPase activity (ATP was hydrolyzed at arate of 2.2 + 0.2 molecules
permolecule of NAIP5 per hour at 25 °C) (Fig. 2d), whichwas not enhanced
by SalmonellaFliC (Fig.2e and Extended Data Fig. If). Together, these data
agree with the structure, and indicate that the ligand-dependent activa-
tion of NAIP5 may not be accompanied by ATP hydrolysis, or ATP/ADP
exchange, hence differing from other AAA" ATPases>* ",

Conformational change inthe WHD-HD2-LRR domains

We analyzed the conformational change of NAIP5 on flagellin binding
by superimposing the structures of NAIP5""&nded and NAIP5'eanded (ppB
6B5Band 5YUD). Whenthe NBDs of the three structures are aligned,
both BIR1and HD1are aligned well, indicating that thereislittle con-
formational change in these domains (BIR2 and BIR3 domains are
skipped asthey were not well resolved in PDB 5YUD and 6B5B) (Fig. 2f).
However, starting from the very beginning of WHD, the liganded
conformationin both 6B5B and 5YUD rotates roughly 20° from the
unliganded conformation, resulting in movementin the a14 helix, a
turnin the middle of the a15 helix and movement in al6-a18 helixes in
the WHD domain (Fig. 2g). Compatible with the WHD movement, the
HD2 and LRR domains also rotate from the unliganded to the liganded
conformation, making NAIP5"%d [ess extended than NA|P5uniganded
(Figs.1gand 2h).Since both HD2 and LRR have extensive interactions
with flagellinin the ligand-bound NAIPS5 (Figs. 1e and 2h), we propose
that flagellin binding may directly drive the HD2-LRR movement,
which theninduces the conformational change of WHD.

The nucleating surface is exposed in the unliganded NAIP5
Structural alignment of NAIP5'"&n4ed and NAIPS"8"%d provided multiple
insights into the process of NAIP5 activation and NAIP5-dependent
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Fig.1|Biochemical purification and cryo-EM structure of NAIPS. a, MALS
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these fractions. This experiment was repeated three independent times. MW,
molecular weight. b, A representative cryo-EM micrograph and 2D class averages
showing the side view and top/bottom views. Scale bar,100 nm. ¢, Domain
organization, cryo-EM map and ribbon diagram of unliganded NAIPS, individual
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NLRC4 activation. Here we start our discussion from the NBD domain.
Previous cryo-EMstudies showed that the NBD of NAIP5"€%d and NLR-
C4*¢bear a conserved positively charged nucleating surface, which
is critical for both NAIP-dependent and NLRC4-dependent NLRC4
activation (Extended Data Fig. 4a,c)'*". In comparison, the nucleating
surface of NLRC4™%"¢ js embedded by the intramolecular interac-
tions between NBD-LRR domains, which prevents auto-activation
of NLRC4 (Extended Data Fig. 4b). It was proposed that in the pro-
cess of NAIP-dependent NLRC4 activation, the nucleating surface of

NAIP5'gadd hinds to the receptor surface of NLRC4™%¢ and triggers
the NLRC4 conformational change, this can expose the nucleating
surface of NLRC4 to recruit the next inactive NLRC4, eventually form-
ing NLRC4 oligomers (Extended Data Fig. 4e)"*'>'8°,

The nucleating surface is completely exposed in our structure of
NAIP5uniganded and resembles the NAIP5"%d structures in this region
(Fig. 2f and Extended Data Fig. 4c,d). As unliganded NAIP5 cannot form
a detectable complex with the nucleating surface mutated NLRC4
(NSM), orinduce wild-type (WT) NLRC4 oligomerization (Extended Data
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Table 1| Cryo-EM data collection, refinement and validation

statistics

Unliganded NAIPS

(EMDB-24387, EMDB-24389),
(PDB 7RAV)

Data collection and processing

Magnification 81,000
Voltage (kV) 300
Electron exposure (e /A% 52
Defocus range (um) 1.0t025
Pixel size (A) 0.5347
Symmetry imposed C1

Initial particle images (no.) 8,044,442
Final particle images (no.) 159,513

Map resolution (A)

3.3 (EMDB-24387)

3.6 (EMDB-24389)

FSC threshold

0143

Refinement

Initial model used (PDB code)

PDB 6B5B, 5YUD, AlphaFold
(AF-Q9R016-F1-model_v1)

Model resolution (A) 3.8
FSC threshold 0.5
Map sharpening B factor (A2 1719
Model composition
Nonhydrogen atoms 6,215
Protein residues 773
Ligands ATP: 1
B factors (A2)
Protein 93.79
Ligand 76.02
R.m.s. deviations
Bond lengths (A) 0.005
Bond angles (°) 1157
Validation
MolProbity score 2.46
Clashscore 16.0
Poor rotamers (%) 1.80
Ramachandran plot
Favored (%) 82.88
Allowed (%) 16.73
Disallowed (%) 0.39

Fig. 4f)**, this observation indicates the exposed nucleating surface
per se is not sufficient for NAIPS to activate NLRC4. This suggests the
molecular mechanism of ligand-driven NAIP5 activationisnotto break a
presumably auto-inhibited conformationto exposeits nucleating surface,
asinNLRC4 activation. How, then, is NAIP5 activated onligand binding?

Conformational changes in NAIP5""P activate NLRC4

To understand how the exposed nucleating surface of NAIP5 miganded jg
prevented from activating NLRC4, we built models of the hypothetical
encounter complexes formed by either pre-or postliganded NAIP5 with
inactive NLRC4 by aligning the nucleating surface of these structures
to their corresponding subunits in the active inflammasome complex

(PDB 6B5B) (Extended DataFig. 4e)"*">'*, We then superimposed models
of the NAIP5!Miganded_N| RC4™<e g NAIPS'#nded_NLRC4™<te by align-
ing the NBDs of NAIP5 subunits (Fig. 3). In the NAIP5'ganded_N| RC4inactive
complex, the16-17loop and17-18 loop in the WHD domain of NAIP5'ganded
exert steric clash with NLRC4™"¢ which may push the WHD of NLRC4
toinitiate NLRC4 conformational change. However, the16-17loopinthe
WHD domain of NAIP5""ganded is firther back relative to the position of
NLRC4™™<t"¢ (Fig 3a), while17-18 loopis further down (Fig. 3b),and neither
oftheseloops formasteric clash with NLRC4™™"¢, This explains that while
NAIP5Uiganded may transiently recruit inactive NLRC4, it cannot activate
it, suggesting the occurrence of steric clash between the WHD domains
ofactive NAIP5 and inactive NLRC4 is essential forinflammasomeactiva-
tion. Superimposition of complexes formed by active NLRC4 with pre- or
postliganded NAIP5 showed that the activated NLRC4 can establish new
interactionswiththe15-16 and 17-18 loops of liganded NAIP5, whereasiit
clashes with the same loops in the unliganded form (Fig. 3c).

The17-18loop is essential for NAIP-NLRC4 activation
Asdiscussed, the17-18loop inactive NAIP5 not only forms asteric clash
withinactive NLRC4 to drive its conformational change (Fig.3b), butalso
interacts with NLRC4*™ (Fig. 3¢). While single-site mutations on the 15-16
loop (E707R) and the 17-18loop (Q735A) mediated IL-13 processing similar
to WT NAIPS, the level of IL-1f processing was greatly reduced by the17-18
loop deletion (Dloop, deletion of Q735,R736,L737,R738inthe 17-18 loop)
(Fig.3d). The17-18loop deletion also abolished NLRC4 oligomerization
onblue native-PAGE (Fig. 3e). Pulldown experiments showed the Dloop
mutation eliminated the interaction between NAIP5 and NLRC4 in the
presence of FIiC (Fig. 3f). Altogether, these datashowed the17-18 loop is
essential for NAIP-NLRC4 complex formationand inflammasomeactiva-
tion.Because the17-18loopisinvolvedin several steps of inflammasome
activation, the defective IL-13 processing from the Dloop mutation may
bearesult of both reduced steric clashwith inactive NLRC4 (Fig. 3b) and
reduced interaction with active NLRC4 (Fig. 3c).

Mutations in NAIP5-LRR do not impair inflammasome
activation

Active NAIP5 also interacts with active NLRC4 in the LRR regions
(Fig. 3g), but the functional importance of this interaction has not
been extensively investigated. Previous study showed deletion of the
NLRC4-LRR auto-activates the inflammasome®, indicating itsinterac-
tion with NAIP5 in the inflammasome complex may not be essential.
Even though the LRR region in our NAIP5U"iganded serycture is poorly
resolved, itis clear thatitis neither in the orientation that masks NBD
(asin the NLRC4 auto-inhibited conformation), nor in the orienta-
tion thatcaninteract withactive NLRC4 (as in the inflammasome disk)
(Figs.2hand 3g). To further understand the function of LRR interactions
in NAIP—NLRC4 activation, we tested the effect of NAIP5*** mutations
on IL-1p processing. Inflammasome assays showed none of the tested
LRR mutations (Q1348A, DM (double mutant, Q1339A, T1342A) and
QTT3A (acombination of Q1339A, T1341A and T1342A)) had anotable
effect on IL-1B processing, suggesting the LRR interaction between
NAIP5'iganded and NLRC4 **¢is not critical for inflammasome assembly
inthe over-expression system (Fig. 3g,h).

Altogether, eventhoughthe nucleating surface, 15-16 loop,17-18
loopand LRR of NAIP5 are allinvolved in NAIP5-NLRC4 interactionin the
active state, only the nucleating surfaceand 17-18 loop areimportant
inthe formation of the functional inflammasome complex (Extended
DataFig.5).

Revised model of NAIP5 and NAIP5-dependent NLRC4 activation
Withthese observations, we propose anew model for NAIP5 activation
and NAIP5-dependent NLRC4 activation. Before ligand stimulation,
NAIP5Uniganded and NLRC4 ">tV may exist as either individual proteins,
oratransient complex through the exposed NAIP5-nucleating surface.
Flagellin binding induces the HD2 and LRR regions of NAIP5 to move
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Fig.2| ATP binding and the conformational change on NAIP5 activation.

a, The ATP binding pocket in NAIP5!"&"d, colored as in Fig. 1c. The missing
fragmentin LRRis colored in gray. b, Superimposition of ATP binding pocked
ofthe unliganded (colored) and postliganded (gray) conformation. ¢, KY2L
does not affect the IL-1 processing in the presence and absence of flagellin;
NAIP5-NSM and PA/LFn-FlaA-AAA (negative) that are defective in activating
inflammasome were used as negative controls. This experiment was repeated
threeindependent times. d, NAIP5 shows weak ATPase activity. This experiment
was repeated three independent times. e, The ATPase activity of NAIPS is not
enhanced by flagellin (FIiC). This experiment was repeated three independent

times, and one repetition of this experiment with separately purified batches
of protein is shown in Extended Data Fig. If. f, Superimposition of NAIP5-BIR1-
NBD-HD1in the unliganded (colored) and postliganded (gray) conformation.
AsPDB5YUD and 6B5B are similar in these regions, only 6B5B is shown in this
figure. g, Superimposition of NAIP5-WHD in the unliganded (magenta) and
postliganded (gray) conformation. As 5YUD and 6B5B are similarin WHD, only
6B5Bis shownin this figure. h, Superimposition of NAIP5-HD2, LRR in the
unliganded (colored) and postliganded (gray) conformation; both published
NAIP5"& e seryctures are shown as the LRR domains are traced differently in
these two models.

from the inactive position to the active position, which results in the
conformational change in the WHD. After activation, the 16-17loop and
17-18loopinthe NAIPS-WHD domain form steric clash with NLRC4 ¢tive
to promote it to open up, and the 17-18 loop of NAIP5 then binds to
activated NLRC4 to stabilize the NAIP5"&"4¢d-NLRC4 "¢ complex
(Fig. 4a, and Supplementary Video 1).

In our model, NAIP activation does not take place by breaking the
auto-inhibition to expose the nucleating surface asinwhathappensin
NLRC4 (Fig.4b). Instead, it may occur on building a conformation that
both allows the WHD domain to form steric clash with the unbound

inactive NLRC4, and places the WHD 17-18 loop in the right position to
bind to the activated NLRC4 and stabilize the NAIP5'"gnded_N| RC42¢tve
complex (Fig. 4c). Therefore, we name our NAIP activation model the
‘build to activate’model, and the previously proposed model the ‘break
to activate’ model.

Discussion

Our model points to the importance of the NAIP5-WHD domain in
successfulinflammasome activation due toiits rolesin driving NLRC4
conformational change and stabilizing the inflammasome complex.
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Fig. 3| Structural basis of ligand-induced NAIP5 activation. a, The encounter
complex formed by NAIP5!"iganded_N| RC4 "<V and NAIPSnded_NLRC4active,
NLRC4 is shown in salmon, NAIP5""&"%d i dark gray and NAIP5"&"d in light
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lime shows NAIP5"&ed b, 180° rotation of a, the 17-18 loop is enlarged and
highlighted. ¢, The NAIP5-NLRC4 complex after NLRC4 is activated. the 15-16
loop and 17-18 loop is enlarged and highlighted. d, IL-1B processing is abolished
by 17-18loop deletion (Dloop, deletion of Q735, R736,L737,R738 in17-18 loop).
NAIP5-NSM and PA/LFn-FlaA-AAA (negative) that are defective in activating
inflammasome were used as negative controls. This experiment was repeated
three independent times. e, The 17-18 loop deletion abolished the ability of

NAIPS5 to nucleate NLRC4 oligomerization; NAIP5-NSM that is defective in
activating inflammasome was used as negative control. This experiment was
repeated threeindependent times. f, 17-18 loop deletion reduced the NAIP5-
NLRC4 interaction. This experiment was repeated three independent times.
g, Interactions between NAIP5""%d and NLRC4**¢in the LRR domain. As PDB
5YUD and 6B5B are similar in relevant regions, only 6B5B is used to make this
figure. h, LRR mutations have negligible effect on inflammasome activation.
DM, Q1339A and T1342A double mutant; QTT3A, Q1339A, T1341A and T1342A.
NAIP5-NSM and PA/LFn-FlaA-AAA (negative) that are defective in activating
inflammasome were used as negative controls. This experiment was repeated
three independent times.

Compared with the auto-inhibited conformation, the wide-open con-
formation of inactive NAIPS provides a large open space around the
HD2-LRRregion to allow ligand binding. This is appealing because it

affords a mechanism for the immune system to balance between sta-
bility and sensitivity. During formation of the inflammasome, asingle
activated NAIP proteininitiates NLRC4 polymerizationin adomino-like
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reaction to promote the disk assembly. As the first responder in the
inflammasome pathway, the inactive conformation of the NAIP protein
must be well maintained to prevent auto-activation. In the ‘build to
activate’ model, NAIP activation is mediated by extensive interactions
betweeninactive NAIP and its specificligand, and itis less likely thata
point mutation can cause NAIP auto-activation. This mechanism may
provide asafeguard system against accidental activation of NAIP, and
an explanation for why genetic studies only identified mutations on
NLRC4, but not on NAIP, in human auto-inflammatory diseases’.

Itisalsosurprisingto see that NAIP5 binds with ATP before ligand
binding, as thereported auto-inhibited NLR structures of NLRC4, Apafl,
NOD?2, ZAR and NLRP3 all have ADP bound to maintain the inactive
form®™>?*_ However, our structure of NAIPS5 is not in an auto-inhibited
conformation, and ATP binding does not trigger NAIP5 oligomeriza-
tion, which is distinct from other NLRs. Although we have checked all
of our fractions from SEC and did not find any 2D classes that represent
a fully auto-inhibited state, we cannot exclude the possibility that
an auto-inhibited state may exist. Overall, our unliganded structure
strongly suggests NAIP adopts a stable wide-open conformation that
hasnotbeen observed in other NLRs.
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Methods
Plasmid construction and stable cell line generation
The pCMV-Flag-NAIPS5, pBackman-MBP-NLRC4 (delta CARD) and
pCMV-His-FliC plasmids were generated in our previous study®.
Site directed mutagenesis were performed with Q5 DNA polymer-
ase (NEB no. M0491) using the QuikChange method. To develop the
stable human embryonic kidney 293F (HEK293F)-NAIPS5 cell line, the
sequence encoding Flag-NAIP5 from pCMV-Flag-NAIP5 was subcloned
into pcDNA3.4 (Invitrogen) using the transfer PCR method*®, generat-
ing the pcDNA3.4-Flag-NAIP5 plasmid. Stable cell lines were generated
following the manufacturer’s instructions.

Plasmids pET15b-LFn-Fla (Addgene no.84871), pET15-LFn-FlaAAA
(Addgene no.84872) and pET22b-PA-His (modified from Addgene no.
84863) were gifted by R. Vance®.

Recombinant protein expression and purification

Recombinant expression of NAIP5S was carried out by either transiently
transfecting Expi293F cells (Thermo Fisher no. A14635) grown in sus-
pension culture using polyethylenimine (PEI) (Polysciences no.23966)
reagent, or directly purified from ahomemade HEK293F cell line stably
expressing NAIP5 protein.

For transient transfection, plasmid DNA (pCMV-Flag-NAIP5) solu-
tion was prepared by addition of 500 pg DNA to 10 ml of Opti-MEM, and
PElsolutionwas prepared by addition of 1.5 ml of PEI (1 mg mI™) to 10 ml
of Opti-MEM, and then both solutions were mixed thoroughly (DNA:PEI
ratio, 1:3) and incubated for 30 min at room temperature before slowly
pouringintoaculture flask (0.5  of Expi293F at 3 million cells per ml),
while gently swirling. Cells were then cultivated at 125 rpm, 37 °C, 5%
CO,,90% humidity for 3 days and gathered by centrifugation (JLA-8.1
fixed-angle rotor, Beckman) at 4,000g for 30 min at 4 °C. The result-
ing cell pellet was washed once with ice-cold PBS, flash frozen in liquid
nitrogen and stored at -80 °C until use.

All purification steps were performed at 4 °C. On the day of puri-
fication, the cell pellet was thawed, resuspended in TBS buffer (50 mM
Tris-HCI pH 8.0, 200 mM NacCl) with freshly added 1% Triton-X-100,
10 pg pl™ DNase I (ThermoScientific no. 90083) and protease inhibitor
cocktail (Sigmano. S8830), sonicated (2 son, 6 s off, 3 mintotal on, 50%
amplitude, Branson) and then ultra-centrifuged (200,000g,1 h, Type
45 Tifixed-angle rotor, Beckman). After centrifugation, the collected
supernatant was incubated with anti-flag M2 affinity resin (Millipore-
Sigma no. A2220, 0.5 ml, preequilibrated in TBS) for 2 h at constant
rotational shaking. The mixture was then subjected to gravity flow and
washed with100 column volumes (CV) of TBS. The bound Flag-NAIP5
was eluted with TBS containing 100 pg ml™ 3x Flag peptide (Sigmano.
F4799)in 0.5 mlfractions. Eluted fractions containing Flag-NAIP5 were
pooled, concentrated withan Amicon Ultra Centrifugal filter unit (4 ml,
molecular weight cutoff 30 kDa, MilliporeSigma) to 1 ml and applied
toSuperdex200 Increase10/300 GL SEC column (Cytiva) equilibrated
in TBS, eluates were collected in 0.2 ml fractions. The fractions corre-
sponding to monomeric Flag-NAIP5 were collected and subjected toa
second round of gel filtration that was connected to a MALS detector.
The final purified flag-NAIP5 concentration was calculated using its
predicted molar extinction coefficient and absorbance was measured
at 280 nmusing NanoDrop One (ThermoScientific).

LFn-FlaA, LFn-FlaAAA and protective antigen were expressed and
purified as previously described with some modifications®*. Briefly,
the transformed Escherichia coli LOBSTR BL21 cells (Kerafast no.
EC1002) were grown in Luria-Bertani medium containing ampicillin
(100 pg mI™) until OD4y, reached to 0.8, induced with 0.5 mM IPTG and
incubated at 18 °C, 200 rpm for 18 h. All purification steps were carried
outat 4 °C.Thecollected bacterial cell pellet was resuspended in TBS
buffer containing 5% glycerol, 1 mM PMSF, sonicated (2 s on, 6 s off,
5 min total on, 50% amplitude, Branson) and centrifuged (40,000g,
1h,JA-20 fixed-angle rotor, Beckman). The collected supernatant
was incubated with Ni-NTA resin (preequilibrated in TBS; Qiagen no.

30230) for 1 h at constant rotational shaking. The supernatant was
removed and beads were subjected to three washes (25 CV each):
TBS, TBS +10 mMimidazole and TBS + 30 mMimidazole. Protein was
eluted with 5 CVof TBS + 500 mM imidazole and further purifiedona
HiTrap Heparin HP 5 ml (Cytiva) in TBS. Protein was then eluted with
a200-1,000 mM NaCl gradient in TBS over 20 CV. The target protein
containing fractions were pooled, concentrated to1 ml (Amicon15 ml,
molecular weight cutoff 30 kDa) and finally purified by Superdex 200
Increase 10/300 GL SEC column (Cytiva) using buffer containing 10 mM
Tris pH 8.0 and 150 mM NacCl buffer. Peak fractions corresponding to
target protein were pooled, flash frozen in liquid nitrogen and stored
at-80 °Cuntil use.

Negative staining electron microscopy

For negative staining, an aliquot of 5 pl of purified Flag-NAIP5
(0.1 mg mlI™) fromthe void fraction or monomeric fraction was applied
ontoaglow-discharged copper grid (FCF400-Cu, Electron Microscopy
Sciences, EMS) and kept for 1 min. Excess was blotted with filter paper,
nextimmediately stained with 2% uranyl acetate (5 pl, EMS no. 22400)
for 30 s, theexcess was blotted and the grid was air-dried. The grids
were imaged under an FEI Tecnai Transmission Electron Microscope
equipped with a5 megapixel CCD camera.

Cryo-EM sample preparation and data collection

The purified Flag-NAIP5 (0.3 mg ml™?) was loaded onto a
glow-discharged UltrAuFoil grid (R1.2/1.3300-mesh, Electron Micros-
copy Sciences no. Q350AR13A). Vitrification was performed using Mark
IV Vitrobot (Thermo Fisher) with 3-5 sblot time under 100% humidity
at4 °C. These vitrification conditions were optimized through screen-
ingon Arcticato checkice thickness and particle distribution, the best
grids were used for data collection on a Titan Krios (Thermo Fisher)
equipped with BioQuantum Imaging Filter (GatanInc., slit width 20 eV)
and K3 Summit direct electron detector (Gatan Inc.). All videos were
automatically collected using serialEM* at nominal magnification
x81,000 (super-resolution pixelsize 0.5347 A) with a total dose of 52 e/
A2 and were then fractionated into 52 frames. Defocus range was set
from 1.0 to 2.5 um for all datasets: 3,682 images were collected at 0°
and 1,597 at 30° stage tilt.

Cryo-EM data processing and atomic model refinement

Data processing and reconstruction were performed with Relion?
and cryoSPARC?, Video stacks were aligned and summed with frames
2-51using Patch motion correction without binning. Contrast tranfer
function (CTF) estimation was performed using Patch CTF. Micro-
graphs with CTF fit resolution better than 5 A were selected for further
processing. A total number of 566,945 particles were initially picked
from462 micrographs with ablob picker and subjected to 2D classifi-
cation to generate templates for the Template picker, with 4,354,235
particles from 0° tilt and 3,690,207 particles from 30° tilt that were
obtained from the entire dataset. After several rounds of 2D classifi-
cation with Relion?” and ab initio reconstruction and heterogeneous
refinement with cryoSPARC?, afinal 197,597 particles from 0° tiltand
133,370 particles from 30° tilt were collected and used to create an
initial model (K = 3). Then multiple rounds of heterogeneous refine-
ment and further 2D classification were performed, bad particles were
removed, 36,523 particles from the tilted dataset and 122,990 particles
from the untilted dataset were subjected to nonuniform refinement
and homogeneous refinement. The resulting maps were subjected to
postprocessing with deepEMhancer*’. The directional Fourier shell
correlation (FSC) plot and sphericity of nonuniform refinement map
was measured as inref. *.

For building the atomic model of unliganded NAIPS5, the individual
domains of AlphaFold predicted structure were split (NTD 1-60; BIR1
61-135; BIR2136-245; BIR3 246-403; NBD 404-600; HD1 601-660;
WHD 661-760; HD2 761-889; LRR 920-1403) and rigidly docked into
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our cryo-EM map in UCSF Chimera*2. The density fitnesses of resi-
dues were manually inspected and adjusted in COOT® and refined
with multiple cycles of PHENIX real space refinement®**, Figures are
generated with Pymol (The PyMOL Molecular Graphics System, v.1.7
Schrédinger, LLC.).

NAIP5-NLRC4 inflammasome assay

Theinflammasome assay was performed as previously described with
some modifications®*, all experiments were repeated three times.
Briefly, plasmids of pCMV-mPro-IL-1f3 (100 ng, Addgene no. 73953, a
gift from C. Stehlik**), pCMV-mCaspasel-C-flag (10 ng, Addgene no.
21142, a gift from J. Yuan®), pCS2-Myc-NLRC4 (300 ng, a gift from F.
Shao), pcDNA3.4-Flag-NAIP5 WT/mutant (300 ng) were cotransfected
into HEK293T cells (gifted from X. Xiao) in a12-well plate. After 24 h of
transfection, LFn-FlaA and protective antigen proteins were added to
the culture medium to a final concentration of 10 pg mi™. The same
concentrations of LFn-FIaAAA and protective antigen were added
to the negative control well. After another 24 h, the transfected cells
were gathered in a passive lysis buffer (250 pl per well; Promega no.
E194A) and obtained supernatants were subjected to western blot
analysis. The detection of cleaved IL-1B (p17) on an immunoblot con-
firmed the occurrence of active inflammasome complex formation.
Antibodies used were: anti-IL-1 (Abcam no. 234437), anti-Flag (Sigma
no. F1804), anti-Myc (Cell Signaling no. 2276), anti-Caspase-1 (Cell
Signaling no.24232), antimouse IgG (Cell Signaling no. 7076), antirab-
bit IgG (Cell Signaling no. 7074S) and anti-B-tubulin (Invitrogen no.
MA5-16308-HRP).

Blue native-PAGE

HEK293T cells in a12-well plate were transfected with Flag-NAIP5 and
MBP-NLRC4. Ligand (FliC/FlaA) was introduced either by cotransfec-
tion (using plasmid pCMV-His-FliC or pCMV-His-FliCDO,) or by trans-
location (using proteins LFn-FlaA and PA) after 24 h of transfection.
Eventually, cells were gathered after a total time of 48 h and washed
withice-cold PBS, followed by addition of a previously optimized lysis
buffer containing 1% digitonin®. Clarified cell lysates were subjected to
3-12% blue native-PAGE as per the manufacturer’s recommendations
(NativePAGE Novex Bis-Tris Gel System, Thermo Fisher Scientific),
followed by western blots against specific antibodies (as mentioned
above).

Invitro pulldown assay

Expi293F cells (50 ml at 3 million cells per ml) were cotransfected with
pcDNA3.4-Flag-NAIP5S WT/mutant and pBackman-MBP-NLRC4 (delta
CARD), either with or without pCMV-His-FliC, and then cultured for
72 hbefore collection. Cell lysis was performed in the buffer containing
50 mM HEPES, pH 7.6,150 mM NaCl, 10 mM KClI, 5 mM MgCl,, 5% glyc-
erol, 1% Triton-X-100, 1x protease inhibitor cocktail and the obtained
lysate (10 ml) was subjected to pulldown on splitting into halves. One
half was incubated with amylose resin (0.1 ml, New England Biolabs,
NEB no. E8021L) and the other with anti-flag M2 affinity resin (0.1 ml,
Sigma) for 2 h at 4 °C at constant rotational shaking. Supernatant was
removed and resin was washed with the buffer containing 50 mM
HEPES pH 7.6, 150 mM NaCl, 10 mM KCI, 5 mM MgCl,, 5% glycerol,
0.02% NP-40A and the bound protein was eluted in the same buffer
with a specific competitive agent for each resin (25 mM maltose for
amylose resin; 150 pg ml™ 3x flag peptide for anti-flag resin). Samples
were subjected to immunoblotting with anti-MBP (NEB no. E8032S)
and anti-Flag (Sigma no. F1804), and all experiments were repeated
three times.

ATPase activity assay for NAIP5

The assay was performed using ATPase/GTPase activity assay kit (Sigma
no.MAK113) in 96-well plates as per the manufacturer’s recommenda-
tions. Flag-NAIP5 used for ATPase assay was also purified in a similar wat

to the above mentioned protocol but using the assay buffer consists
of 50 mM HEPES pH 7.6, 150 mM NaCl, 10 mM KCI, 5 mM MgCl,, 5%
glycerol, 0.02% NP-40A, 1 mM TCEP. Bovine serum albumin in assay
buffer was used as a negative control. Reaction samples containing
proteinranging from 0 to 30 pM were preparedina 20 plvolume, and
then mixed with an equal volume of reaction mixture containing2 mM
ATP (Sigma no. A1852) in assay buffer and incubated for 1 h at room
temperature. Thereaction was stopped by adding 200 pl of malachite
greenreagent, and further incubating for 30 min at room temperature
before measuring absorbance at 620 nm. For estimation of the free
phosphate concentration, a linear regression was generated using
free phosphate standards in assay buffer. One unit of ATPase activity
is defined as the amount of enzyme that catalyzes the production
of 1 uM of free phosphate per minute under the assay conditions, as
instructed by the assay kit.

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

Data availability

The cryo-EM maps were deposited in the Electron Microscopy Data
Bank under the accession IDs EMD-24387 (3.3 A) and EMD-24389 (3.6 A),
and the atomic coordinates were deposited in the PDB under the acces-
sion ID 7RAV. Plasmids are available from the corresponding author.
Source data are provided with this paper.
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and Negative stain EM for void and monomeric fractions. a) Size exclusion
chromatography profile of Flag-NAIPS; b) SDS-PAGE for fractions from A).
Densitometric analysis was performed using Bio-Rad Image Lab Software 6.1
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independent times. c) Negative stain EM image for the Superdex200 fraction
eluted from the void peak as shown in B); d) Negative stain EM image for the

11.5 mL Superdex200 fraction as shown in B); e) 2D class averages of particles
picked from D). f) Repetition of Fig. 2e with separately purified batches of protein
showing FliC does not enhance the ATPase activity of NAIPS.
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of the cryo-EM map obtained from non-uniform refinement. FSC curve for the
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Extended Data Fig. 3 | Representative EM densities of pre-liganded NAIP5. EM densities and their corresponding models are shown for the individual domains of
pre-liganded NAIP5.
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activation to initiate a domino-like process to form inflammasome complex;
f) Only inthe presence of ligand (FIiC-DO, the smallest FIiC fragment effective
in activating NAIP5), NAIPS5 is able to induce NLRC4 oligomerization, or form
acomplex with1subunit of NLRC4 nucleation surface mutant (NSM), which

is deficientin further oligomerization. This experiment was repeated three
independent times.
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