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IMMUNOLOGY

Structural basis for flagellin-induced NAIP5 activation

Bhaskar Paidimuddala, Jianhao Cao, Liman Zhang*

The NAIP (NLR family apoptosis inhibitory protein)/NLRC4 (NLR family CARD containing protein 4) inflamma-
some senses Gram-negative bacterial ligand. In the ligand-bound state, the winged helix domain of NAIP forms
a steric clash with NLRC4 to open it up. However, how ligand binding activates NAIP is less clear. Here, we in-
vestigated the dynamics of the ligand-binding region of inactive NAIP5 and solved the cryo-EM structure of
NAIP5 in complex with its specific ligand, FIiC from flagellin, at 2.9-A resolution. The structure revealed a
“trap and lock” mechanism in FliC recognition, whereby FliC-DOc is first trapped by the hydrophobic pocket
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of NAIP5, then locked in the binding site by ID (insertion domain) and C-terminal tail of NAIP5. The FliC-DOy
domain further inserts into ID to stabilize the complex. According to this mechanism, FIiC triggers the confor-
mational change of NAIP5 by bringing multiple flexible domains together.

INTRODUCTION

The nucleotide-binding domain (NBD), leucine-rich repeat (LRR)
domain containing protein family (NLR family) apoptosis inhibito-
ry proteins (NAIPs) constitute a family of cytosolic receptors that
mediate host defense against Gram-negative bacteria (I). There
are multiple NAIP proteins in mice, each of which senses different
bacterial ligands. For example, NAIP5 and NAIP6 are activated by
flagellin, whereas NAIP2 and NAIP1 are activated by components
of bacterial type III secretion system, the inner rod protein, and
needle protein, respectively (2, 3). The human genome only
encodes one NAIP, which seems to be activated by all three
ligands (4-6). Upon activation, NAIPs recruit and activate the
NLR family caspase activation and recruitment domain (CARD)
containing protein 4 (NLRC4). Structurally, both NAIP and
NLRC4 contain the NBD, helical domain 1 (HD1), winged helix
domain (WHD), HD2, and LRR domains. However, their N-termi-
nal effector domains are different. NAIP has three baculovirus IAP
repeat (BIR) domains, while NLRC4 has a CARD. Upon activation,
NAIP recruits inactive NLRC4 and triggers its conformational
change from the inactive state to the active state. Active NLRC4
further oligomerizes and nucleates the filamentation of caspase-1
(7-9), which eventually leads to the proteolytic activation of inter-
leukin-1p (IL-1pB), IL-18, and Gasdermin D (GSDMD), cause py-
roptotic cell death (10-12).

NAIP and NLRC4 have highly similar active structures in their
open conformation and form the NAIP/NLRC4 inflammasome
complex (13, 14), but they must adopt a stable inactive conforma-
tion in resting cells to prevent autoinflammation. NLRC4 achieves
this with an autoinhibited conformation that prevents it from oli-
gomerizing. In a recent report, we presented the structure of inac-
tive NAIP in a wide-open conformation (15). The distinct inactive
conformations of NAIP and NLRC4 suggest that these two proteins
should have different activation mechanisms, which leads to the
question of how ligand binding induces the activation of NAIP. Pre-
viously, two cryo—electron microscopy (cryo-EM) structures con-
taining NAIP5 bound to flagellin have been solved (13, 14), but
the electron density in the ligand-binding region was insufficient
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to support unambiguous model building and led to controversy
in the interpretation of ligand-NAIP interaction (16).

To understand how ligand binding activates NAIP, we character-
ized the dynamics of the ligand-binding region of inactive NAIP5
and determined the high-resolution cryo-EM structure of NAIP5 in
complex with FliC, the flagellin from Salmonella typhimurium, at
2.9-A resolution. The resulting cryo-EM map allowed us to build
atomic models around the ligand-binding region with high confi-
dence. By comparing the structures of unliganded and liganded
NAIP5, we have provided molecular insights into how NAIP is ac-
tivated by ligand binding.

RESULTS

Flexibility of the C-terminal regions in unliganded NAIP5
We previously reported the cryo-EM structure of unliganded
NAIP5 in a wide-open conformation (I15). Unfortunately, despite
achieving an overall resolution of 3.4 A, the density of the HD2-
LRR region was absent in the unliganded NAIP5 structure. Here,
we conducted further investigations to comprehensively understand
the nature of this missing density. Using multi-body refinement in
Relion (17), we characterized the dynamics of the HD2-LRR
regions, and the result demonstrated that the missing regions in
the HD2-LRR undergo approximately 30° movement (Fig. 1A
and movie S1). Considering that the dynamic regions in HD2-
LRR primarily participate in ligand binding, we suggest that their
flexibility is functionally important to ligand recognition.

We then attempted to analyze how ligand binding stabilizes the
HD2-LRR regions by comparing our unliganded NAIP5 with two
previous complexes of ligand/NAIP5/NLRC4 [referred to as Protein
Data Bank identifiers (PDB IDs) 6B5B (13) and 5YUD (14) hereaf-
ter]. Unfortunately, the resolutions of ligand-binding regions in
both structures are insufficient for unambiguous model building.
Consequently, the interpretations of the ligand-NAIP5 interaction
in the two structures differ markedly. Specifically, in the case of
5YUD, the flagellin was traced in a manner that positions the
loop that connects DOy and DO¢ between HD2 and LRR, resulting
in a direct binding to NAIP5. Conversely, DOy does not participate
in the binding and remained unmodeled. However, 6B5B puts DOy
to a helix at the surface of the map between N-terminal domain
(NTD) and LRR of NAIP5. The same helix was traced by 5YUD
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Fig. 1. Dynamics of unliganded NAIP5, biochemical purification, and cryo-EM structure of the NAIP5/FliC complex. (A) Multi-body refinement of unliganded NAIP5
in Relion. From Relion multi-body refinement, we obtained 10 maps representing different conformations. Here, we only showed the 1st map (blue) and the 10th map
(gray). The blue and gray region includes a part of HD2 and the entire LRR domains. (B) SEC profile of the NAIP5/FIiC complex. (C) SDS-PAGE of fractions in (B). (D) Western
blot of fractions in (B). (E) Representative cryo-EM micrograph and (F) 2D class averages showing side view and top/bottom views. (G) Cryo-EM map and structure of the
NAIP5/FIiC complex; individual domains are color-coded. (H) The missing densities of unliganded NAIP5 (black) are plotted in the newly resolved NAIP5/FIiC structure. FliC
is shown in salmon.

Paidimuddala et al., Sci. Adv. 9, eadi8539 (2023) 6 December 2023 20of9



SCIENCE ADVANCES | RESEARCH ARTICLE

as part of the insertion domain (ID); however, the ID remained un-
traced in the 6B5B model (figs. S1 and S4) (13, 14). To support a
mechanistic understanding of how the flexibility in HD2-LRR of
NAIP5 accommodates ligand binding and how flagellin binding ac-
tivates NAIP5, we decided to solve the structure of NAIP5/FliC
complex at high resolution.

Biochemical purification and cryo-EM studies of the NAIP5/
FliC complex

Given that both 6B5B and 5YUD are solved in complex with
NLRC4, which may induce sample heterogeneity and limit the
high-resolution structure determination, we decided to take a dif-
ferent approach and reconstitute the complex with only NAIP5
and flagellin. Briefly, we coexpressed full-length NAIP5 with an
N-terminal Flag tag and the full-length S. typhimurium flagellin,
FliC with N-terminal His tag in Expi293F cells. Purification was
carried out by anti-Flag affinity purification, followed by size exclu-
sion chromatography (SEC) (Fig. 1B). A large symmetric peak ob-
served at 11 ml in the chromatogram of Superdex 200 showed the
presence of NAIP5-FliC complex on SDS—polyacrylamide gel elec-
trophoresis (SDS-PAGE), which was further confirmed by Western
blotting (Fig. 1, C and D). The corresponding peak fractions were
taken for structure determination. Cryo-EM grids were screened
and subjected to data collection under Titan Krios transmission
electron microscope equipped with a BioContinuum K3 direct elec-
tron detector.

Cryo-EM data processing was performed using cryoSPARC (18).
Particles extracted from 4616 micrographs were subjected to multi-
ple rounds of two-dimensional (2D) classification before obtaining
ab initio maps. Next, the multiple rounds of heterogeneous and ho-
mogeneous refinement, followed by local refinement with a default
mask, resulted in a high-resolution map of 2.9 A from the final par-
ticle set of 199,022 (Fig. 1, E and G, and fig. S2).

To build the atomic model of active NAIP5, individual BIR
domains, NBD, HD1, and WHD from the unliganded NAIP5
(PDB ID 7RAV) and HD2 and LRR from the AlphaFold-predicted
structure (AF-Q9R016) (19), were fitted into the cryo-EM map (15).
The side-chain density for most NAIP5 domains was sufficient for
manual model building. However, certain regions exhibited lower
quality. Specifically, residues 7 to 10 (in NTD), 290 to 295, 328 to
350 (in BIR3), 442 to 452, 524 to 530 (in NBD), 734 to 746 (in
WHD), 818 to 820 (in HD2), 1067, 1090 to 1097, 1113 to 1114,
1141 to 1150, 1165 to 1174, 1206 to 1199, 1227 to 1217, 1246 to
1261, 1275 to 1285, and 1332 to 1333 (in LRR domain) were built
against less optimal density. For FliC model building, every helix
within the D0, D1, D2, and D3 domains were attempted to fit
into the non-NAIP5 cryo-EM density, and only the sequence seg-
ments comprising residues 495 to 486, 483 to 481, 474 to 470, and
469 to 462 within FliC-D0c, as well as residues 14 to 17 and 20 to 23
within FliC-DOy could fit into the non-NAIP5 density. Subse-
quently, manual model building was conducted with these residues
as markers. The initial model of NAIP5/FliC complex was then sub-
jected to multiple rounds of refinement using Coot (20) and Phenix
real-space refinement (fig. S3, A and B, and table S1) (21).

The overall shape of our NAIP5/FIiC structure is similar to the
active NLRC4 (7, 8) and the NAIP5 subunits in both 6B5B and
5YUD (Fig. 1G and fig. S1). To clarify one of the major differences
between 6B5B and 5YUD, our structure showed that residues 919 to
982 of NAIP5 form a structured ID and directly contact with FliC.
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We were also able to confidentially build the ligand-binding region
with our high-resolution map, which is different in 6B5B and
5YUD, and mostly flexible in the unliganded NAIP5 structure
(Fig. 1H). Our structure reveals molecular details that allowed us
to propose the mechanism underlying FliC-induced NAIP5
activation.

Structure of FliC in the NAIP5/FliC complex

Although we used full-length FliC in our sample preparation, the
density map only revealed the DOy helix and DO helix, which di-
rectly interacted with NAIP5. The remaining part of FliC appeared
as a blob in the density map, likely because it is flexibly connected
with DOy and DO¢ (Fig. 2A). In monomeric FliC, both DOy and
DOc have been shown to be disordered (22), but they form a
coiled-coil structure in the flagella filament (Fig. 2B) (23, 24). Our
DOy and DOc structures in the NAIP5/FliC complex adopted a
helical conformation but showed obvious differences from those
in flagella, 6B5B, and 5YUD (Fig. 2B and fig. S4, A and B) (13,
14, 25). Rather than the coiled-coil structure in flagella, which is es-
sential for the filament formation (23, 24), both DOy and DO in the
NAIP5/FliC complex bend in the middle and are separated by
NAIP5 ID (Fig. 2A). Considering that only the disordered structure
in the monomeric DOy and DO could allow them to separately bind
NAIP5, these findings suggest that NAIP5 may only recognize mo-
nomeric FliC.

Functionally, it has been shown that DO¢ alone could activate the
inflammasome to induce IL-1B maturation and cell death, while
mutations on the DOy helix, such as residues 31 to 33 of the Legion-
ella pneumophila flagellin, FlaA (corresponding to residues 33 to 35
on FliC) also affect NLRC4 activation (13, 14). However, neither
5YUD nor 6B5B has the interactions of DOy with NAIP5 properly
characterized. In 5YUD, D0y does not directly interact with NAIPS5,
while in 6B5B, the DOy helix was fitted into the density of NAIP5 ID
loop (fig. S4B). The residues on NAIP5 that are involved in FliC rec-
ognition are assigned differently in 5YUD and 6B5B. Here, our
structure showed extensive interactions between DOy and NAIP5
ID, HD2 domains (Figs. 2A and 3D). We speculate that previous
assays to measure the functional readout of the NAIP/NLRC4 in-
flammasome are less sensitive to define the interactions between
NAIP5 and FliC, so we used blue native—PAGE (BN-PAGE) to di-
rectly monitor the formation of NAIP5/FliC complex and tested the
functional importance of DOy and DO in NAIP5 binding. Com-
pared with full-length FliC, both deletion of N-terminal 27 residues
(DN27) or 52 residues (DN52) showed a greatly reduced super-shift
band, which indicates that DON/NAIP5 interaction is important for
the complex formation (Fig. 2, C and D). DO is indeed critical, as
deleting the five residues at the C-terminal end abolished complex
formation (Fig. 2, C and D). The NAIP5-Dloop mutation and the
nucleating surface mutation that are unable to activate NLRC4 (15)
could form a normal complex with FliC, which agrees with their
proposed functions in triggering NLRC4 conformational change
(Fig. 2, C and D).

Interactions between NAIP5 and FliC-DO¢

In our structure, NAIP5 and FliC form extensive interactions, with
both DOy (residues 1 to 39) and DO (residues 453 to 495) embed-
ded inside NAIP5 (Figs. 1G and 2A). Consistent with 6B5B and
5YUD, the C-terminal residues (487 to 495) of DO¢ insert into a
hydrophobic pocket formed by the NTD, BIR1, and HDI1
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Fig. 2. The FliC subunit in the NAIP5/FliC complex. (A) DOy and DOc helices of FliC in the cryo-EM map of NAIP5/FIiC complex. The extra density that may correspond to
part of remaining regions of FliC is labeled. (B) DOy and DO in flagella filament. (C) Effect of different truncations of FliC on the complex formation. This experiment was

repeated three independent times. (D) lllustration of the FliC truncations in (C).

domains of NAIP5 (Fig. 3A). This insertion is essential as deletion
of the C-terminal five residues abolishes NAIP5/FliC interaction
(Figs. 2C and 3D). Notably, the central region of DO¢ (470 to
486) is sandwiched by the helices of ID and HD2 domains
(Fig. 3B), and the N-terminal end of DO (459 to 469) is packed
by ID and LRR domains (Fig. 3C and fig. S5).

Except for the C-terminal residues, the importance of the middle
part and N-terminal end of DO¢ has not been extensively investigat-
ed. Thus, we designed mutations to test their ability to form a
complex with NAIP5. F844A in HD2 of NAIP5 was used as the pos-
itive control as this residue was previously mapped to be important
for FliC-induced IL-1p processing (14). F844A abolished complex
formation on BN-PAGE (Fig. 3D). Regarding FliC mutations,
changing residues 470 to 473 into alanine abolished complex for-
mation (Fig. 3D), suggesting that the middle part of FliC is essential
for NAIP5 recognition. At the N-terminal end, the removal of res-
idues 453 to 458 has no effect, while the deletion of 453 to 460 is
greatly reduced, and the deletion of 453 to 469 completely abolished
complex formation (Fig. 3D), suggesting that the packing of resi-
dues 459 to 469 by ID and LRR domains are functionally important.

Paidimuddala et al., Sci. Adv. 9, eadi8539 (2023) 6 December 2023

NAIP5-CTT inserts into NAIP5 ID loop to mediate FliC
recognition

Having established the importance of residues 459 to 469 of DOc in
FliC/NAIP5 recognition, we went on to analyze the molecular inter-
actions in this region. It is quite interesting that not only DO¢ simul-
taneously binds ID and LRR, the C-terminal tail (CTT; residues
1388 to 1403) of NAIP5 also inserts into the ID loop, with residues
1388 to 1398 forming extensive interactions with the ID and LRR of
NAIPS5, and the DO of FliC (Fig. 4A). This is a feature that has not
been observed in other NLRs, to the best of our knowledge. Deletion
of the CTT residues from 1388 to 1403 abolishes the NAIP5/FIiC
complex formation. Among them, residues 1388 to 1398 that inter-
act with ID, LRR, and FliC may be more important, as A1398-1403
can still bind FliC, although at a reduced level (Fig. 4B and fig. S10).
Moreover, NAIP5 with a C-terminal 6xHis-, 3xStrep II tag was
shown to form the NAIP5/NLRC4 inflammasome (22). In our
hand, fusion of a C-terminal green fluorescent protein (GFP) tag
(25 kDa) does not affect the NAIP5-FliC interaction, but a C-termi-
nal maltose-binding protein (MBP) tag (45 kDa) reduced, and a C-
terminal GFP-MBP tag abolished the complex formation (fig. $9). It
is hard to definitively determine whether these larger tags block the
CTT from inserting into the ID loop. Nonetheless, we speculate that
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even if the CTT does not fully insert into the ID loop, its proximity
to the LRR and FliC might enable it to establish contact with them,
thereby stabilizing the active conformation of NAIP5. To further
narrow down key residues in NAIP5-LRR and CTT, we designed
more mutations on NAIP5, including L1393, 11394 to ED (LI-
ED); M1361, L1362 to ED (ML-ED); L1365 to A; 11388, 11389,
F1390 to DDH (IIF-DDH); and K1392, L1393, 11394 to AGS
(KLI-AGS). All the mutations abolished the complex formation
and reduced NLRC4 oligomerization (Fig. 4, A and B, and fig. S8).

Next, we mapped the key residues in ID region by separately mu-
tating the ID fragments. Specifically, we changed 936-TYFENL-941
to 6S (6S), 943-PPAIID-947 to 5S (5S), and 954-FEH-956 to 3A
(3A). All of them abolished the complex formation and reduced
NLRC4 oligomerization (Fig. 4, C and E, and fig. S8). Together,
these data suggest that NAIP5/FliC interaction is highly sensitive
to the change of sequences in the ID and CTT regions, indicating
that an extensive network of ID-DO.-CTT interactions together de-
termines the stability of NAIP5/FliC complex.

Paidimuddala et al., Sci. Adv. 9, eadi8539 (2023) 6 December 2023

Interactions between NAIP5 and FliC-DOy

In our structure, DOy is inserted into the ID domain and makes
contact with both the ID and HD2 domains (Fig. 4D). We have
shown before that the DN27 truncation of FliC has a reduced
ability to bind to NAIP5 (Fig. 2, C and D). Consistently, the K20
on DOy forms charge-charge interaction with E975 of NAIP5,
and K20E reduced but not abolished FliC/NAIP5 interaction. In
comparison, mutations on NAIP5 residues caused a more severe
phenotype. For example, both E975R and 970-IIKNY-974 to 5A
(5A) mutations that may disrupt DOy-ID interaction abolished
complex formation (Fig. 4, D and E).

Proposed mechanism for flagellin-induced NAIP5

activation

With these analyses, we propose a mechanism for flagellin-induced
NAIPS5 activation. Overall, the recognition of FliC by NAIP5 in-
volves three steps: DOc trap, CTT-ID lock, and DOy binding.
Because the hydrophobic pocket is the only FliC-binding element
that preexists in the inactive NAIP5, the hydrophobic pocket and
DOc interaction is likely the first step in the recognition process.
Once the C-terminal residues of DOc are inserted into the
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hydrophobic pocket, the remaining portion of it forms multiple in-
teractions with the flexible HD2, ID, and LRR domains to create a
more rigid structure. This brings the CTT and ID of NAIP5 closer to
each other, allowing CTT to insert into the ID loop and lock the
DOc insertion channel, keeping NAIP in the active conformation.
Last, DOy inserts into ID, further stabilizing the complex. Together,
the binding of FliC brings the HD2 and LRR domains of NAIP5 to
their active positions, indirectly induces the movement of WHD,
and forces the 17-18 loop to clash with NLRC4 to open it up
(Fig. 4 and movie S2) and eventually initiate the inflammasome
signal pathway.

Paidimuddala et al., Sci. Adv. 9, eadi8539 (2023) 6 December 2023

Although the unliganded NAIP5 structure showed a clear aden-
osine triphosphate (ATP) in the nucleotide-binding pocket (15), we
did not observe any nucleotide density in the same region of the
active NAIP5/FliC complex. Consistently, the conformation of
walker A motif (470-GETGSGKT-477) seems more flexible in the
NAIP5/FliC complex and appears different between these two maps
(fig. S5), which suggests that the ATP is hydrolyzed or released in
our sample upon ligand binding. However, a previous study has
shown that mutating the lysine residue in the walker A motif to ar-
ginine (K476R), which reduces ATP binding, does not abolish the
activation of NAIP/NLRC4 pathway (22). We also tested two walker
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A motif mutations, K476A and K476R, and found that neither of
them affects the NAIP5/FliC complex formation (fig. S7) or
NLRC4 oligomerization (fig. S8). We also showed before that the
adenosine triphosphatase (ATPase) activity of NAIP5 is moderate
and is not enhanced by FliC (I15). What is more, a reliable nucleo-
tide density was observed in the NAIP5/FliC complex of 5YUD
(14), indicating that neither ATP hydrolysis nor release is essential
for NAIP5 activation (fig. S5). The differences in ATP binding in
our sample and 5YUD could potentially be caused by different ex-
pression systems. Together, these findings suggest that the function
of nucleotide binding in NAIP may not be as crucial as it is in other
NLRs (26, 27).

DISCUSSION

In this study, we focus on the NAIP5-flagellin interactions and pro-
posed a mechanism of FliC-induced NAIP5 activation. Our high-
resolution cryo-EM structure of the NAIP5/FliC complex provides
detailed insights into the recognition of flagellin by NAIP5 and the
subsequent activation of NAIP5. Both the DOy and DO regions of
FliC and the ligand-binding regions of NAIP5 exhibit flexibility
before their interaction. Structural rearrangements occur in both
components during the recognition process, suggesting that the
initial FliC recognition may involve weak interactions that are
strengthened through structural rearrangement. In addition, the
flexibility of the ligand-binding region in unliganded NAIP5 pro-
vides the space for initial contact with FliC, enabling it to be
trapped in the hydrophobic pocket within the NTD-BIR1-HD1
domains. Furthermore, the insertion of NAIP5-CTT into the ID
loop locked DO, into its binding pocket, and interactions between
the ID and DOy likely contribute to an additional stabilization
mechanism. Overall, these interactions directly induce the position
of the ID, HD2, and LRR domains at their active conformation,
leading to a steric clash between WHD and NLRC4.

It is quite interesting to observe the incorporation of CTT into
the ID loop following the binding of the ligand. LRR is commonly
used as a ligand-binding domain in Toll-like receptors and NLRs.
But this is the first time that the CTT was observed to participate in
ligand binding. A functional CTT is essential for stabilizing the NLR
proteins and the NAIP/ligand complex. Among the currently solved
mammalian NLR structures, NLRP9 also has a CTT and interacts
with its LRR (28). It will be interesting to see whether the tail
appears in other NLRs and whether they are also involved in
ligand binding.

MATERIALS AND METHODS

Plasmid constructs

The plasmids pcDNA3.4-Flag-NAIP5, pCMV-6xHis-FliC, pBack-
man-MBP-NLRC4ACARD, and pET22b-PA-His were constructed
in our previous study (15). QuikChange site-directed mutagenesis
was performed with either Q5 hot start high-fidelity DNA polymer-
ase-2X master mix (NEB, no. M0494S) or KOD hot start DNA po-
lymerase (MilliporeSigma, no. 71086). pET15b-LFn-FliC plasmid
was generated by subcloning FliC sequence from pCMV-
6xHis-FliC.
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Protein expression and purification

Flag-NAIP5 and 6xHis-FliC were coexpressed in Expi293F suspen-
sion culture by the transient transfection using polyethylenimine
reagent (PEI, Polysciences, no. 23966). PEI transfection protocol
was the same as described previously (15), except the plasmid
DNA solution contains 1:3 ratio of NAIP5 and FliC plasmids, re-
spectively. After 72 hours of transfection, cells were collected,
washed with ice-cold phosphate-buffered saline (PBS), flash-
frozen in liquid nitrogen, and stored at —80°C until use.

On the day of purification, the cell pellet was thawed quickly and
lysed in 40 ml per 0.5-liter pellet of Hepes-buffered saline [HBS; 50
mM Hepes (pH 7.5) and 150 mM NaCl] supplemented with 1x pro-
tease inhibitor cocktail EDTA free (Abcam, no. ab270055), 10 pg
ul™" deoxyribonuclease I (Thermo Fisher Scientific, no. 90083),
and 1% Triton X-100. Clarified cell lysate was incubated with
anti-flag M2 affinity resin (MilliporeSigma, no. A2220, 0.5 ml,
pre-equilibrated in HBS) for 2 hours at constant rotational
shaking in a cold room. The protein-bound resin was then collected
onto a gravity flow column and washed with 100 ml HBS, and the
bound protein was eluted with 5 CV HBS containing 100 pg ml™"
3x Flag peptide (Sigma-Aldrich, no. F4799) and concentrated to 1
ml using Amicon Ultra-4 centrifugal filter unit (molecular weight
cutoff, 30 kDa; MilliporeSigma, no. UFC803024). The concentrated
protein sample was then subjected to SEC using Superdex 200 In-
crease 10/300 GL column (Cytiva) in the HBS buffer. SEC fractions
were analyzed on Coomassie SDS-PAGE before confirming the
fractions containing Flag-NAIP5-6xHis-FliC complex. All the pu-
rification steps were performed at 4°C.

For in vitro reconstitution, Flag-NAIP5 and 6xHis-FliC were ex-
pressed separately in Expi293F suspension cultures by using PEI
transfection protocol as described earlier (15). The purification pro-
tocol for Flag-NAIP5 involves flag-tag affinity chromatography fol-
lowed by SEC as described previously (15), except replacing
previous buffer with HBS here. The 6xHis-FliC purification was
done by Ni-nitrilotriacetic acid (NTA) affinity chromatography fol-
lowed by SEC. Cell lysis and purification buffers were the same as
those used for Flag-NAIP5 purification. A similar Ni-NTA purifi-
cation protocol was used as described earlier (15). Ni-NTA—purified
FliC was subjected to SEC using Superdex 200 Increase 10/300 GL
column (Cytiva) in the HBS buffer. Fractions containing target pro-
teins were analyzed on Coomassie SDS-PAGE. All the purification
steps were performed at 4°C.

SEC-purified Flag-NAIP5 and 6xHis-FliC were mixed together
in 1:3 molar ratio (0.5 ml total volume) and incubated for complex
formation at room temperature for 30 min. The incubated sample
was then analyzed for complex formation by SEC using Superdex
200 Increase 10/300 GL column (Cytiva) in the HBS buffer followed
by Coomassie SDS-PAGE for the collected peak fractions.

NAIP5 truncated versions such as A1388-1403 and AID were
expressed and purified as wild type (WT), as mentioned above.
LFn-FliC and protective antigen (PA) were expressed in Escherichia
coli LOBSTR BL21 cells (Kerafast no. EC1002) and purified by Ni-
NTA followed by SEC as described previously (15).

Flexibility characterization of the unliganded NAIP5

The dataset previously used for solving the unliganded NAIP5
structure was used in this study to investigate the dynamics of
HD2-LRR (15). Briefly, particles and cryo-EM map generated by
cryoSPARC were exported into Relion format using Pyem (29).
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The NBD-HD1-WHD domains and HD2-LRR domains were seg-
mented separately from the cryo-EM map using Chimera Segger se-
gementation (30, 31), and the masks for each domain were
generated with Relion (17, 32). In Relion's multi-body refinement,
the movement relationship between the two domains was defined in
body STAR file, setting _rlnBodySigmaAngles to 35 and _rlnBody-
SigmaOffset to 5. The resulting maps of different confirmations
were sharped using deepEMhancer (33) and visualized using Chi-
mera's “Volume Series” tool (30).

Cryo-EM grid preparation and data collection

To prepare grids for cryo-EM, 4 ul of Flag-NAIP5-6xHis-FliC
complex (0.9 mg ml™") was applied to an UltrAuFoil grid (R1.2/
1.3 300-mesh, Electron Microscopy Sciences, no. Q350AR13A)
that had been glow-discharged for 1 min at 15 mA using a glow dis-
charge cleaning system (PELCO easiGlow, Ted Pella). Vitrification
was carried out using Mark IV Vitrobot (Thermo Fisher Scientific)
set to 4°C and 100% humidity with 10 s wait and 1.5 s blot times at
zero blot force. Grids were screened on either Talos Arctica or
Glacios, and the best grids were selected for data collection.

Titan Krios (Thermo Fisher Scientific) equipped with BioQuan-
tum energy filter (Gatan, 20 eV slit width) and K3 Summit direct
electron detection camera (Gatan) was used to perform the data col-
lection. The movies were recorded in super-resolution mode with
SerialEM (34) at a nominal magnification of x81,000 (calibrated
pixel size 0.528 A). The total dose was set to 50 /A%, with 50
frames per movie and a per frame electron fluence of 1.0 ¢ /A%,
and defocus range from 1.0 to 2.5 um.

Cryo-EM data processing and model building

CryoSPARC Live (18) was used to evaluate data quality when the
data collection was on the fly. A full-fledged data processing was
carried out using CryoSPARC (18) with a single dataset that consti-
tutes a total of 4616 movies. Movies were subjected to patch motion
correction followed by patch CTF estimation. The resulting micro-
graphs were manually curated for optimal CTF fit resolution (7 A or
better) and relative ice thickness, and 2552 micrographs were select-
ed for particle picking. Blob picker tool was used initially to pick the
particles, which were subjected to 2D classification to generate the
templates for template picker. The resulting stack of 4,486,478 par-
ticles was subjected to multiple rounds of 2D classification to
remove junk particles, leaving 238,223 particles for the 3D reconsti-
tution. Ab initio reconstitution followed by heterogeneous refine-
ment revealed two classes of NAIP5-FliC volumes and one class
of poorly resolved volume. A total of 199,022 particles encompass-
ing the two classes of NAIP5-FIiC volumes were combined and sub-
jected to homogeneous refinement, which substantially improved
the resolution. Further refinement was carried out by nonuniform
refinement followed by local refinement, which eventually resulted
in a final map with a gold standard Fourier shell correlation resolu-
tion of 2.93 A. The final map was subjected to postprocessing with
DeepEMhancer (35) before proceeding for model building.

The atomic model of NAIP5-FliC complex was built using the
individual domains from the unliganded NAIP5 (PDB: 7RAV)
and NAIP5 AlphaFold model (AF_Q9R016) (15, 19). Individual
domains of NAIP5 were initially placed into the density map with
ChimeraX (36). FliC model was built de novo according to the ob-
served electron densities. Multiple rounds of refinement and build-
ing were performed with Phenix real-space refinement and COOT
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(20, 21). Molecular visualizations were carried out with ChimeraX
and PyMOL (36, 37).

NAIP5 and FliC-binding assay

Human embryonic kidney (HEK) 293T cells were cotransfected
with Flag-NAIP5 and 6xHis-FliC using PEI transfection reagent
in a 12-well plate. After 48 hours of transfection, cells were
washed with ice-cold PBS before subjected to cell lysis with the
buffer containing 1% digitonin, as described previously (2). Clari-
fied cell lysates were subjected to 3 to 12% BN-PAGE as per the
manufacturer’'s recommendations (Native PAGE Novex Bis-Tris
Gel System, Thermo Fisher Scientific), followed by Western blots
against specific antibodies. Antibodies used were as follows: anti-
Flag (Sigma-Aldrich, no. F1804), THE His tag antibody (GenScript,
no. A00186), anti—p-tubulin (Cell Signaling Technology, no.
86298), and anti-mouse immunoglobulin G, horseradish peroxi-
dase-linked (Cell Signaling Technology, no.7076).

NLRC4 oligomerization assay

Flag-NAIP5 and MBP-NLRC4ACARD were cotransfected into
HEK293T cells grown in a 12-well plate using PEI transfection
reagent. After 24 hours of transfection, purified LFn-FliC and PA
proteins each at 30 pg per well were added to allow their transloca-
tion into the cells. After another 24 hours of incubation, cells were
harvested and clarified lysates were analyzed using 3 to 12% BN-
PAGE followed by Western blots against specific antibodies as de-
scribed previously (15).

Thermal shift assay

For determining the stability of NAIP5 truncated versions, the SEC-
purified proteins (at 2 uM; 20 ul) were analyzed for their melting
curves by adding the SYPRO Orange Protein Gel Stain (Thermo
Fisher Scientific, no. $6650) at 1x final concentration, followed by
melt curve generation using real-time polymerase chain reaction
(PCR) system (Applied Biosystems QuantStudio 7 Flex, 96-well).
All the parameters for the generation and analysis of melting
curves followed the standard protocol (35).

Supplementary Materials
This PDF file includes:

Figs. S1 to S10

Table S1

Legends for movies S1 and S2

Other Supplementary Material for this
manuscript includes the following:
Movies S1 and S2
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