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Abstract 
 

Cryo-EM Studies of Inflammasomes 
 

By 
 

Nicole Haloupek 
 

Doctor of Philosophy in Molecular and Cell Biology 
 

University of California, Berkeley 
 

Professor Eva Nogales, Chair 
 
 
Following invasion by disease-causing biological entities, before a threat-specific response is 
mounted by the adaptive immune system, the innate immune system initiates a campaign to 
restrict the pathogen. In animals and plants, members of the Nucleotide-binding domain, 
Leucine-rich repeat-containing (NLR) superfamily of proteins are sentinels of the innate immune 
system that detect a wide array of pathogens’ molecular signatures1.  
 
NAIP5 (NLR family, apoptosis inhibitory protein 5), for example, is activated by binding the 
bacterial protein flagellin2—a component of the flagellum many bacteria use for locomotion. 
After binding, the NAIP5–flagellin complex associates with multiple NLRC4 (NLR family, 
CARD [Caspase Activation and Recruitment Domain]-containing 4) protomers3,4, forming an 
inflammasome5 that activates the protease Caspase-1 by juxtaposing the protease’s CARDs6. The 
active Caspase-1 sparks a cascade that results in pyroptosis, a programmed form of cell death 
that summons an immune response and causes inflammation7. Another such protein, NLRP1 
(NLR family, pyrin domain containing 1), also forms inflammasomes that, when activated by 
cleavage by anthrax lethal factor, activate Caspase-15. 
 
I used cryo-electron microscopy (cryo-EM) to determine the structure of the NAIP5–NLRC4 
inflammasome. Analysis of the structure of the NAIP5-NLRC4 inflammasome revealed how the 
bacterial ligand flagellin is detected and how the complex assembles and uncovered a possible 
mechanism by which NLRs restrict pathogen evasion of detection by the innate immune system. 
Structural investigation of the NLRP1 inflammasome is at an early—but promising—stage. In 
this thesis, I also describe the new methods for preparing cryo-EM samples that made this work 
possible and may be useful for cryo-EM studies of other macromolecular complexes. 
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Chapter 1: Introduction to inflammasomes and cryo-electron microscopy 
 
1.1: Introduction to inflammasomes 
The innate immune system deploys germline-encoded receptors to detect conserved pathogen-
encoded molecules8,9. However, large population sizes and short generation times provide 
pathogens with the capacity for rapid evolution to evade immune detection. It is unclear how, 
over evolutionary time, innate immune receptors maintain recognition of pathogen-encoded 
ligands, especially relatively mutable ligands, such as proteins. Members of the nucleotide-
binding domain leucine-rich repeat (NLR) superfamily function as cytosolic pathogen sensors in 
both plants and animals1.  
 
NLRs detect pathogen-associated molecular patterns (PAMPs) in the cytosol, where non-
pathogens with similar molecular patterns should not be found10. Defense against numerous 
infections depends on NLRs11–14, and approximately 20 different NLRs are found in humans15. 
In 2002, one NLR found in humans, NLRP1 (NLR Family Pyrin Domain Containing 1), was 
observed to assemble into a multimeric complex its discoverers termed an inflammasome16. It 
was also determined that the NLRP1 inflammasome binds and activates Caspase-1, a protease 
that then initiates an immune response by cleaving and activating interleukins IL-1β and IL-18 
and triggering a lytic form of cell death called pyroptosis17.  
 
In time, many additional NLRs were also found to form inflammasomes, some of which 
similarly activate Caspase-1, while others work via different means. Like NLRP1, mouse NAIP5 
(NLR family apoptosis inhibitory protein 5) activates Caspase-1; however, NAIP5 requires an 
additional protein, NLRC4 (NLR family, CARD [Caspase Activation and Recruitment Domain]-
containing 4) for its function. 
 
The primary focus of this thesis is the interpretation of the cryo-electron microscopy (cryo-EM) 
structure of the NAIP5–NLRC4 inflammasome bound to flagellin. I have also included some 
preliminary work on the NLRP1 inflammasome, which I think is worth pursuing further. Part of 
this thesis is also dedicated to the unique methods I used to improve both complexes for cryo-
EM studies. In the final chapter, I briefly provide suggestions for future steps to expand on the 
work reported here, as this represents only a miniscule fraction of what remains to be understood 
about inflammasomes. 
 
1.1.1: The NAIP5–NLRC4 inflammasome 
One of the best-characterized NLRs is mouse NAIP5, which binds to the D0 domain of flagellin, 
a protein that forms part of the bacterial flagellum. Related family members NAIP1 and NAIP2 
detect the needle and inner rod proteins, respectively, of bacterial type III secretion systems 
(T3SS)2,4,18–20. Upon binding their cognate bacterial ligands, NAIPs co-oligomerize with NLRC4 
to form an inflammasome2–4 that recruits and activates the Caspase-1 protease6.  
 
Like all mammalian NLRs, NAIP5 and NLRC4 both contain a conserved nucleotide binding 
domain (NBD), helical domain 1 (HD1), winged helix domain (WHD), helical domain 2 (HD2), 
and leucine-rich repeat (LRR) domain (Fig. 1A). In addition, NLRC4 contains a CARD, which 
recruits Caspase-1, whereas NAIP5 contains three baculovirus inhibitor-of-apoptosis repeat 
(BIR) domains of unknown function.  
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The mechanism by which NAIPs bind microbial ligands to nucleate inflammasomes is unknown. 
No full NAIP structure has been reported, and in prior cryo-EM studies of the NAIP2–NLRC4 
inflammasome, symmetry that treated the NAIP and NLRC4 protomers as identical was applied. 
These studies thus failed to reveal the structure of the NAIP or its interactions with NLRC4 and 
the bacterial ligand3,4.  
 
In Chapter 2, I report the cryo-EM structure of the complete NAIP5–NLRC4 inflammasome 
bound to flagellin, obtained without applying symmetry, revealing the mechanism by which 
NAIP5 detects flagellin and oligomerizes with NLRC4. These results are complemented by 
biochemical studies by my collaborators in the Russell Vance Lab, primarily Jeannette 
Tenthorey. From the cryo-EM structure and the biochemical results, we infer a potential 
mechanism by which NAIP5—and possibly other NAIPs—keeps up in the evolutionary arms 
race with bacteria. 
 
1.1.2: The NLRP1 inflammasome 
Although NLRP1 was the first protein to be found to form an inflammasome and most or all 
mammalian genomes sequenced so far include genes similar to NLRP121, relatively little is 
known about this NLR. Like the NAIP5–NLRC4 inflammasome, the NLRP1 inflammasome 
initiates pyroptosis by binding (via its CARD) and activating Caspase-1, but in contrast, 
formation of the NLRP1 inflammasome is not dependent on ligand binding. Instead, all known 
NLRP1 variants across species are activated by cleavage by bacterial enzymes, e.g., anthrax 
lethal factor22. In addition to a CARD and the core domains shared among all NLRs, NLRP1 
possesses a FIIND (Function to Find Domain)23, which must undergo autoproteolysis24 (after 
which the two fragments of the protein remain associated) for activity and inflammasome 
formation25,26.  
 
Relative to the NAIP5–NLRC4 inflammasome, not much is known about the NLRP1 
inflammasome, and the full structure of NLRP1, alone or in the multimeric complex, has not 
been solved. In Chapter 3, I outline an approach we have developed to structurally characterize 
NLRP1 using cryo-EM. 
 
1.2: Introduction to cryo-EM 
Cryo-EM is a type of transmission electron microscopy in which the specimen is maintained at a 
very low temperature—typically the boiling point of nitrogen, –196 ºC. The technique has 
particular utility in imaging biological macromolecules vitrified in buffer by rapid cooling on the 
EM substrate (EM grid), usually by plunge-freezing in liquid ethane. This near-instantaneous 
vitrification and subsequent maintenance of the sample at cryogenic temperatures preserves 
biological molecules in native or near-native states.  
 
For decades, cryo-EM has been used to structurally probe biological macromolecules, but 
the technique has undergone a massive transformation over the past several years. Cryo-EM now 
frequently yields structures, even of asymmetric or relatively small particles, at much higher 
resolutions than ever before. The continually expanding utility of cryo-EM for structural 
determination of biological macromolecules led three of its pioneers—Jacques Dubochet, 
Joachim Frank, and Richard Henderson—to be awarded the Nobel Prize in Chemistry in 2017. 
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This topic has been reviewed in detail elsewhere dozens of times; in particular, a 2015 review by 
Nogales and Scheres is informative27. 
 
1.2.1: Need for new sample preparation techniques for cryo-EM 
Despite these advances, some recalcitrant biological specimens continue to evade structure 
determination using cryo-EM. Many factors may contribute to this problem. Common obstacles 
include but are not limited to conformational and constitutional heterogeneity, preferred 
orientations, low concentration, and sensitivity to environmental conditions. We encountered all 
these problems in our studies of the NAIP5–NLRC4 inflammasome.  
 
To the best of our ability, we circumvented the problem of heterogeneity with widely employed 
methods, including collecting a large number of particle images and using image processing 
techniques such as masking. The other three obstacles, however, posed a more serious threat to 
the success of the project. My solution involved the creation of a new grid preparation method, 
which is described in Chapter 1.2.2 and Chapter 2.2.3. 
 
While the low concentration of the NAIP5–NLRC4 inflammasome was a hindrance, the 
concentration of the NLRP1 inflammasome was exceedingly low, preventing any kind of 
structural analysis. The concentration of the NLRP1 inflammasome on the EM grids also did not 
improve with the grid floater technique I developed, necessitating a different intervention. In 
Chapter 1.2.3, I describe the use of an affinity substrate, a 2D crystal of streptavidin, to capture 
more particles on the EM grid. 
 
1.2.2: Use of the grid floater to protect specimens from the air–water interface 
If not severe, preferred orientations and low concentration can often also be overcome by 
collecting a large number of particle images. But in the case of the NAIP5–NLRC4 
inflammasome, the concentration of particles on the grid was low enough to be a significant 
issue, necessitating the collection of a massive number of micrographs to reach high resolution.  
 
I considered that one way to increase the number of particles on the grid could be to incubate the 
sample on the grid longer. However, I was already incubating the sample for five minutes. 
Increasing the length of incubation resulted in excessive evaporation of the buffer, even in a 
humidity chamber, which many biological specimens—including the NAIP5—NLRC4 
inflammasome—cannot tolerate.  
 
Exposure of particles to the air–water interface can occur while the sample droplet is incubating 
on the grid, and some particles have a greater propensity to approach the interface than do others. 
Including a surfactant in excess of the protein concentration in the buffer may result in a 
protective shield at the surface of the droplet remaining on the cryo-EM grid after blotting28. I 
reasoned that the same principle might apply to the droplet of buffer incubating on the grid. 
However, including a surfactant was not enough to protect the particles in the case of the 
NAIP5–NLRC4 inflammasome, perhaps because some proteins can slip through the surfactant 
membrane29.  
 
Clearly, an alternative approach was needed. Thus, I developed a method to easily incubate the 
grid upside-down on a protected droplet of buffer using a setup I call the grid floater, described 
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in Chapter 2.2.3. The increased incubation time afforded by using the grid floater improved the 
particle number to the extent that high-resolution cryo-EM structure determination became 
feasible. Additionally, I observed an improvement in the preferred orientation problem, also 
probably by protecting the sample from the air–water interface.  
 
1.2.4: Use of streptavidin monolayers to concentrate proteins on EM grids 
In some cases, low particle number on EM grids may be caused by failure of particles to adsorb 
to the grid surface. A variety of techniques have been developed to alter the properties of EM 
grids to promote particle adherence, including the use of affinity grids. For instance, antibodies 
to the protein of interest can be attached to the grid30, and Ni-NTA-functionalized grids can be 
used to capture histidine-tagged proteins31.  
 
I decided to use grids covered in a 2D crystal of streptavidin, hereafter referred to as streptavidin 
monolayer (SA) grids, using a previously described method32. This technique increased the 
number of particles on the grid approximately tenfold, making cryo-EM structure determination 
possible. Although the NLRP1 project is still in a nascent stage, the dramatic improvement in 
particle number is noteworthy and indicates that the project is promising enough to pursue 
further.  
 
In Chapter 3, I describe this method in more detail and demonstrate the improvement in particle 
number obtained through its use. Notably, to the best of my knowledge, if the structure of the 
NLRP1 inflammasome is later determined using the technique I describe, it would be the first 
time a previously unknown structure was solved using SA monolayer grids. 
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Chapter 2: Structure of the NAIP5–NLRC4 inflammasome 
 
2.1: Results and discussion 
This chapter explores our cryo-EM structure of the NAIP5–NLRC4 inflammasome bound to 
Legionella pneumophila flagellin (FlaA) and the mechanistic insights gained through its 
interpretation. Most of these results are published in our recent paper33. In Chapter 2.2.3, I 
describe the grid floater I developed for preparing these samples for cryo-EM, which is not 
included in the paper. 
 
2.1.1: Overall architecture of the NAIP5-NLRC4 inflammasome 
Our 3D reconstructions reveal oligomerized rings that contain a single NAIP5 subunit, easily 
identified by its relative bulk compared to NLRC4, bound to a single FlaA monomer (Fig. 2.1B–
D). These results are consistent with prior suggestions that the oligomer is nucleated by a single 
NAIP3,4,34, which then associates with a variable number of NLRC4 subunits (see Chapter 2.2.4).  

 
Figure 2.1: Structure of the NAIP5–NLRC4 inflammasome. (A) Schematic of domain architectures of NAIP5 
and NLRC4. NAIP5 domains were defined in this work (see Chapter 2.2.5); NLRC4 domains were previously 
defined. Residue numbers are shown. Nt, N terminus. (B) 3D reconstruction of inflammasomes containing a single 
NAIP5-FlaA (blue) and nine NLRC4 protomers (gray). The arrowhead highlights extra density that identified the 
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NAIP5 protomer. (C) Refined 3D reconstruction for NAIP5 and the first two NLRC4 protomers at higher resolution 
(NAIP5 segmented in blue, the two NLRC4 protomers in pink, and FlaA in purple). (D) Modeled structures of 
NAIP5 and two NLRC4 protomers, all colored by domains as in (A), fitted within the EM map. In (B) to (D), two 
orthogonal views are shown. 
 
We carried out focused refinement on a region of the inflammasome containing the unique 
NAIP5 and two of the adjacent NLRC4 subunits (Fig. 2.1C, D; see Chapter 2.2.4), yielding a 
structure with an overall resolution of 5.2 Å (fig. 2.2).  

 

 

Figure 2.2: Resolution and fit of model in map. (A) Final model (low-pass filtered to 5.2 Å) colored by local 
resolution. The resolution is fairly uniform, with lower resolution in the NAIP5 BIR2 domain and higher resolution 
in the NLRC4 core. (B) The FSC curve indicates an overall resolution of 5.2 Å. 
 
Modeling and advanced fitting techniques35–38 (see Chapter 2.2.5) enabled the characterization of 
NAIP5 and its binding interfaces with NLRC4 and flagellin (figs. 2.1, 2.3, and 2.4A). 
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Figure 2.3: Multiple NAIP5 domains contact extended surfaces on both helices of the flagellin D0 domain. (A) 
The D0 domain (purple) is locked into place by multiple NAIP5 domains. (B) Both D0 helices bind to NAIP5. 



 

8 

(C to E) Detailed interactions between the flagellin D0 helices and the NAIP5 domains HD2 and ID. (C); Nt, BIR1, 
and HD1 (D); and LRR (E). Side chains shown correspond to mutated residues in (F). (F) Mutagenesis confirms the 
importance of NAIP5 residues in binding D0N, D0C, or full-length FlaA. Point mutations in NAIP5 residues that 
contact D0C disrupt both D0N and D0C binding because association of D0N requires D0C binding (B). In (B) and (F), 
relative IP strength was quantified by densitometry [IP signal normalized to input and then GFP-FlaA (B) or WT 
NAIP5 (F)]. Results are representative of at least three independent experiments. IP, immunoprecipitation; IB, 
immunoblot; WT, wild type. Single-letter abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; 
D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, 
Thr; V, Val; W, Trp; and Y, Tyr. 

 
Figure 2.4: Interaction between NAIP5 and NLRC4. (A) Transparent density map overlaid on ribbon diagrams 
for the NAIP5 and NLRC4 models (left). Detail of the interface with residues confirmed by mutagenesis (B) to be 
important for binding highlighted (NAIP5 residues bolded). The side chains, taken from the computational model, 
are only shown to indicate positions of the residues. Buried surface area was calculated as area not solvent-
accessible in the complex. (B) The indicated constructs were transfected into HEK293T and subjected to anti-FLAG 
immunoprecipitation (IP). Relative IP strength was quantified by densitometry (IP signal normalized to input and 
then WT NLRC4). Results are representative of at least three independent experiments. Mutations in the NLRC4 
acceptor oligomerization surface disrupt binding to NAIP5. An R288A mutation in the NLRC4 donor 
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oligomerization surface prevents recruitment of additional NLRC4 protomers (11) and isolates the binding of a 
single NLRC4 to NAIP5. 

In the structure of the full ring, the location of the CARDs can be inferred (fig. 2.5). Supporting 
this, I also obtained 2D class averages of the NAIP5–NLRC4 inflammasome bound to Caspase-
1, which reveal additional density is around NLRC4’s CARDs, where Caspase-1 is expected to 
bind (fig. 2.6). 

 

Figure 2.5: Proposed position of the NLRC4 CARDs. Extra density at the center of the ring (in proximity to the 
NLRC4 NBDs, which are in cyan) is apparent after placing the models of NAIP5 and NLRC4 in the EM density. 

 

 
Figure 2.6: Representative 2D class averages of the Caspase-1-bound NAIP5–NLRC4 inflammasome. Right, 
note extended density emerging from the inflammasome, which may represent a short Caspase-1 filament. 
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2.1.2: NAIP5-NLRC4 and NLRC4-NLRC4 interfaces 
NAIP5 contacts NLRC4 via an oligomerization donor surface, contributed by the WHD and 
NBD, which is composed primarily of basic and hydrophobic residues, as previously predicted 
(fig. 2.7)3,4. The cognate acceptor surface of NLRC4 consists of complementary acidic and 
hydrophobic residues. Interestingly, the conformations of the two adjacent NLRC4 molecules are 
identical even though symmetry was not imposed. Thus, the acceptor surface of NLRC4 is the 
same regardless of whether it contacts a NAIP5 or NLRC4 donor surface. 

 
Figure 2.7: The structure of NAIP5 [colored as in (A)] is aligned with that of an NLRC4 protomer (purple). 
The NBD, HD1, and WHD oligomerization domains of NAIP5 and NLRC4 are highly similar. Oligomerization 
donor and acceptor surfaces are indicated. For clarity, the NAIP5 BIR domains were omitted from the inset view 
(right). 
 
In contrast to prior averaged reconstructions of the NAIP–NLRC4 inflammasome and the 
structures of related complexes such as apoptosomes39, we do not observe a significant number 
of rings that appear to be closed in our analysis (see Chapter 2.2.4). The lack of ring closure is 
consistent with the prior proposal that although the donor surface on NAIP5 can recruit and 
activate the cognate acceptor surface on NLRC4, the donor surface on NLRC4 can only interact 
with additional NLRC4 protomers, and cannot close the ring by interacting with an acceptor 
surface of NAIP53,4.  
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We found that multiple residues in the NLRC4 acceptor surface are required for NLRC4 to bind 
to NAIP5 (fig. 2.4B). Several of these residues, particularly I124 and D125, are also required for 
NLRC4 to bind a neighboring NLRC44. Thus, the structural homology between NAIP5 and 
NLRC4 is high in the regions that mediate oligomerization (fig. 2.7). However, some regions of 
NAIP5 and NLRC4 are relatively divergent, particularly the HD2 and LRR (fig. 2.8). 
Consequently, our model of NLRC4 differs slightly from previous averaged structures3,4, 
particularly in the phosphorylation loop40,41, which is replaced with two helices in NAIP5 (fig. 
2.8, HD2 insert), in addition to other smaller deviations (fig. 2.9). 

 
Figure 2.8: The structure of NAIP5 [colored as in (A)] is aligned with that of an NLRC4 protomer (purple). 
The HD2 and LRR of NAIP5 diverge from those of NLRC4. NAIP5-specific insertions, including an extra leucine-
rich repeat (LRR insert; residues 1102 to 1138) and the modeled helix of the inserted domain (ID; gray), are 
indicated. The NLRC4 S533 phosphorylation loop is replaced by two alpha helices in NAIP5 (HD2 insert; residues 
818 to 851). 
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Figure 2.9: Differences between the activated NLRC4 structure in this study and that previously reported. 
The NLRC4 in our study, which has not been averaged with the NAIP (as was likely the case in PDB 3JBL), shows 
clear differences in the position of the phosphorylation loop. 
 
2.1.3: NAIP5–flagellin interface 
The single FlaA protomer in the complex is recognized solely by NAIP5, with no apparent 
contribution to binding by NLRC4 (fig. 2.1C, D). NAIP5 makes numerous contacts with both 
helices of the FlaA D0 domain (fig. 2.3A). The N-terminal D0 helix (D0N, residues 1–33) makes 
fewer contacts with NAIP5 than does the C-terminal D0 helix (D0C, 441–475), which is 
contacted along its length as well as at three C-terminal leucines (L470, L472, L473) previously 
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shown to be important for flagellin recognition42. Consistent with these contacts, both the D0N 
and D0C helices are capable of binding to NAIP5 when expressed as separate polypeptides fused 
to GFP, although association of D0N with NAIP5 depends on the binding of D0C (fig. 2.3B). 
Control experiments confirmed that the D0N and D0C helices do not bind to each other in the 
absence of NAIP5 (fig. 2.10A, B), suggesting an important role for D0N–NAIP5 contacts in 
flagellin binding. 

 
Figure 2.10: Binding of FlaA D0N to NAIP5 is not mediated by interactions between D0N and D0C. The 
indicated constructs were transfected into HEK293T, and lysates were subjected to anti-FLAG IP. (A) Monomeric 
Cherry (mCherry) is incapable of mediating dimerization with GFP. The indicated leucine (L) to arginine (R) 
mutations are predicted to disrupt potential coiled-coil interactions between the helices of the D0 domain (26, 50). 
The L32R mutation that reduces FlaN65 binding to NAIP5 is within the N-terminal NAIP5 recognition motif (see 
Fig 4A, fig. S9A). (B) FlaA D0N does not bind to D0C in the absence of NAIP5. Results are representative of at 
least three independent experiments. 
 
Many of the NAIP5 regions contacting FlaA are divergent from the corresponding areas of 
NLRC4. For example, one of the inserted helices in HD2 (residues H835-L850) makes numerous 
primarily hydrophobic contacts with the D0C helix (Fig. 2C). Similarly, NAIP5 contains a large 
insertion in the N-terminal region of the LRRs, which we term the Inserted Domain (ID, residues 
922-983) (figs. 2.1A, 2.8). Although the ID is not fully resolved in our cryo-EM density, a helix 
(964-976) in the domain appears to contact both helices of the FlaA D0 domain (fig. 2.3C). 
Lastly, a region of HD1 that is variable across NAIPs also appears to bind D0C (fig. 2.3D). The 
variability of the NAIP5 regions that contact flagellin is consistent with prior data suggesting 
these regions confer ligand specificity to NAIPs43.   

Our structure unexpectedly reveals at least three additional regions of NAIP5 that contact FlaA 
(Fig. 2.3D, E): (1) BIR1 appears to directly contact the D0C helix of FlaA, suggesting the first 
specific function attributable to the NAIP BIR domains; (2) a helix, just N-terminal to BIR1, 
contains residues (Q33 and V34) that appear to contact one or both D0 helices of FlaA; and (3) a 
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small portion of the LRR domain contains residues (R1330, H1360, and S1363) that appear to 
contact the D0C helix. To validate all the observed FlaA–NAIP5 interactions, we assessed the 
effect of NAIP5 mutations on binding to either the D0N or D0C FlaA helices, expressed as 
separate polypeptides fused to GFP, or to full-length FlaA (fig. 2.8). We found that point 
mutations in the N-terminal helix, BIR1, HD1, HD2, LRR, and ID each affected, to varying 
degrees, the ability of NAIP5 to bind flagellin (fig. 2.8). Taken together, our results suggest that 
the binding pocket for flagellin is formed by six different NAIP5 domains, namely BIR1, HD1, 
HD2, ID, LRR, and the N-terminal helix (fig. 2.3).  
 
2.1.4: Proposed mechanism of ligand recognition and assembly 
Activation of NLRC4 results from a rigid-body rotation between the HD1 and WHD 
domains3,4,40. This conformational change unfurls NLRC4 and positions its donor surface to 
recruit and activate the next incoming NLRC4 (fig. 2.11A). Based on the high degree of 
homology between NAIP5 and NLRC4 in the NBD, HD1 and WHD domains (fig. 2.7), we 
propose that NAIP5 also undergoes a rigid-body rotation hinged around the WHD upon binding 
flagellin (fig. 2.11B). If we make the parsimonious assumption that the inactive form of NAIP5 
is similar to that of NLRC4 (Fig. 2.11A, B), then crucial parts of the flagellin-binding surface, 
particularly those in HD2, would be sterically occluded by the NBD and LRR (fig. 3B). Flagellin 
binding would necessarily displace the occluding NBD and LRR from HD2, freeing the NBD to 
serve as a donor surface for NLRC4 to initiate inflammasome assembly (fig. 2.11C). 
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Figure 2.11: Model of NAIP5-NLRC4 inflammasome assembly. (A) Structures of inactive (left) and active (right, 
determined in this work) NLRC4, showing a ~90° rigid-body rotation of the WHD-HD2-LRR module triggered by 
interaction with an activated NAIP5 or another already activated NLRC4. (B) To generate the model of the inactive 
NAIP5 conformation [left; modeled based on NLRC4 (see Chapter 2.2.5)], the HD2 insert was moved to avoid 
collision with the NBD. We propose that flagellin binding induces a ~90° rigid-body rotation of the WHD-HD2-
LRR module, analogous to the rotation of NLRC4, which displaces the occluding LRR and HD2 from the NBD to 
complete and expose the donor oligomerization surface (indicated by curved lines in left and right panels) for 
interaction with NLRC4. (C) Proposed events of inflammasome assembly (illustrated by Ashley Truxal). The 
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flagellin D0 domain (purple) binds to NAIP5 and unfurls the protein for subsequent NLRC4 recruitment and 
activation. Active NLRC4 recruits further NLRC4 protomers for self-propagating oligomerization and completion of 
a caspase-1 recruitment platform. Colors are as in Fig. 2.1A. 
 
2.1.5: Model: multi-surface recognition to evade pathogen immune escape 
The D0 domain of the flagellin monomer is largely disordered44,45 but organizes to form the core 
of the polymerized flagellum43,46. Interestingly, when bound to NAIP5, the flagellin D0 domain 
adopts a conformation that is nearly identical to its structure in the flagellar filament (fig. 2.12A). 
Furthermore, NAIP5 contacts similar residues to those buried in the flagellar filament (fig. 
2.12B, C). 
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Figure 2.12: Flagellin bound to NAIP5 adopts a similar conformation to flagellin in the flagellar filament. (A) 
Overlay of the D0 domain of L. pneumophila flagellin (FlaA) bound to NAIP5 (magenta) and Salmonella 
typhimurium flagellin (FliC) in the flagellar filament (PDB 1UCU, yellow). (B) Surface representation of FliC 
subunit 0 (yellow) in the flagellar filament (transparent, gray) (25) and FlaA (purple) bound to NAIP5 (transparent, 
gray). Buried flagellin residues (≤ 5 Å from neighboring subunits or NAIP5, respectively) are highlighted in cyan. 
FliC and FlaA D0 domains were aligned in Pymol to view flagellin in the same orientation. (C) Zoomed view of the 
FliC and FlaA D0 domains from (B). NAIP5 contacts similar residues to those buried in the flagellar filament. 
Buried surface area was calculated as area not solvent-accessible in the complex. 
 
Thus, we hypothesized that mutations that disrupt the NAIP5–FlaA interaction might also disrupt 
flagellar filament formation. Because multiple flagellin surfaces are recognized by NAIP5, we 
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further hypothesized that escape from NAIP5 recognition may require multiple mutations that 
would be more likely to disrupt flagellar function. Further experiments performed by my 
collaborators in the Russell Vance Lab, outlined in our joint publication, verified this33. Their 
data suggest that single mutations in flagellin that do not affect its function are insufficient to 
allow flagellin escape NAIP5 detection, whereas more severe mutations that do allow it to 
escape recognition result in a fitness cost to the bacterium. Thus, we propose that multi-surface 
recognition imposes a constraint on the mutational paths that pathogens can use to escape 
immune recognition. 
 
The combinatorial use of antibiotics and antivirals is based on the principle that the simultaneous 
presence of dual selective pressures provides a greater constraint on the evolution of escape 
mutants than does each selective pressure individually47. Our results provide structural and 
functional evidence that the innate immune system exploits this general principle and employs a 
multi-surface recognition strategy to constrain bacterial immune escape. Although many 
pathogens do at least partially evade innate immunity, our results suggest that evasion of innate 
immunity likely involves more complex mechanisms than simple ligand modifications. 
 
These mechanisms may include the evolution of compensatory mutations to regain function of  
immune-evading mutants48 or the acquisition of alternative virulence factors49 such as 
intracellular actin-mediated rather than flagellin-mediated motility50. The multi-surface 
recognition strategy we describe likely serves as a complement to additional strategies that 
constrain pathogen evolution. For example, targeting the most conserved features on microbial 
ligands helps to constrain mutagenic escape, although even constrained sites can tolerate some 
mutations. Pathogen immune evasion can also be counteracted by diversifying selection, 
observed in both TLR551 and NAIPs43, at the interface with microbial ligands52. Thus, we 
propose multi-surface recognition is one strategy in the arsenal deployed by hosts to counteract 
the intrinsic advantage held by large populations of rapidly evolving pathogens in their arms race 
with eukaryotic immune systems. 
 
2.2: Materials and methods 
In this section, please take special notice of Chapter 2.2.3, in which I describe the grid floater I 
designed for preparation of cryo-EM grids. All methods described in Chapters 2.2.1, 2.2.2, and 
2.2.6 were carried out by my collaborators in the Russell Vance Lab, primarily Jeannette 
Tenthorey. José Ramón López-Blanco and Pablo Chacón performed the structural modeling 
described in Chapter 2.2.6. Patricia Grob did the initial modeling described in Chapter 2.2.3. 
Under the supervision of Eva Nogales, I was responsible for all the remaining cryo-EM (grid 
preparation, microscopy, data processing, data analysis, et cetera) described in Chapters 2.2.3 
and 2.2.4. 
 
2.2.1: Cell culture 
HeLa, HEK293T, and GP2-293 (HEK293 expressing retroviral packaging genes gag and pol 
[Clontech]) cells were grown in DMEM. A CHO cell line stably expressing human TLR5 and an 
NFκB luciferase reporter53 was grown in Ham’s F-12 medium with 10 µg/mL blasticidin. BMM 
were differentiated in RPMI with 5% supernatant from stable macrophage colony stimulating 
factor (M-CSF) 3T3 transfectants. All media were supplemented with 10% FBS, 2 mM L-
glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin. HeLa, HEK293T, GP2-293, and 
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CHO cells were subcultured with trypsin digestion. BMM were harvested by chilling in cold 
PBS followed by gentle scraping. 
 
2.2.2: Preparation of inflammasome complexes 
Mouse NAIP5, NLRC4, and Legionella pneumophila flagellin (FlaA) were expressed in 
HEK293T from the MSCV2.2 retroviral vector. FLAG-NAIP5, 6myc-FlaA, NLRC4, and GFP-
NLRC4 have been described2,43. Inflammasomes with full-length NLRC4 formed loosely 
associated stacks, likely due to the propensity of CARDs to interact with one another. The 
stacking was conformationally heterogeneous and severely limited resolution. Rather than 
removing the CARD of NLRC4 to reduce ring stacking3,4, we used NLRC4 with an N-terminal 
GFP fusion, which provided enough steric hindrance to prevent most ring stacking. The 
additional introduction of two point mutations (F79A and D83A) in a homotypic interaction 
surface shared among CARDs54 eliminated the remaining ring stacking. Residues F79 and D83 
of GFP-NLRC4 were mutated to alanine using Quickchange PCR (F: 5′-
\GAGTCTTGAAAACTGGGACTATgcTGTGTATCAGGcCTTAACTGGACAAAATCTTTCT
TATC-3′, R: 5′-
GATAAGAAAGATTTTGTCCAGTTAAGgCCTGATACACAgcATAGTCCCAGTTTTCAAG
ACTC-3′). Although the resolution of the CARDs was very low due to flexibility, this strategy 
allowed us to visualize the CARDs at the center of the complex (fig. 2.5). The CARDs, which 
mediate NLRC4–Caspase-1 interactions, are partially occluded in the stacked rings, making it 
unlikely that the stacked rings represent a biologically relevant form of the complex. We 
therefore used GFP-NLRC4-F79A/D83A for cryo-EM analysis of the NAIP5–NLRC4 
inflammasome. 
 
Confluent HEK293T cells were diluted 1:4 onto fresh 15-cm TC-treated plates one day prior to 
transfection. Each plate of several (typically 8–12 plates) was transfected with 16 µg of GFP-
NLRC4-F79A/D83A, FLAG-NAIP5, and 8 µg of 6myc-FlaA using Lipofectamine 2000 
(Invitrogen). After 36–48 hr, cells were harvested in cold PBS and lysed in cold, buffered 
detergent (50 mM HEPES, pH 7.6, 150 mM NaCl, 10 mM KCl, 5 mM MgCl2, 5% glycerol, 1% 
Triton-X-100, 1× Roche protease inhibitor cocktail). Lysates were clarified (14,000 × g, 30 min, 
4 ºC) and incubated 2 hr at 4 ºC with 200 µL of equilibrated FLAG M2 resin (Sigma). Bound 
resin was washed with 100 column volumes of cold SEC buffer (50 mM HEPES, pH 7.6, 150 
mM NaCl, 10 mM KCl, 5 mM MgCl2, 5% glycerol, 0.02% NP-40) and eluted with 0.5-column 
volume fractions of SEC buffer supplemented with 0.15 mg/mL FLAG peptide (Sigma). Peak 
fractions (#3–7) were pooled, supplemented with 1 mM buffered TCEP (Thermo Fisher), and 
centrifuged (14,000 × g, 15 min, 4 ºC) to remove aggregates. Purified proteins were separated on 
a Superose6 size exclusion chromatography column (GE Healthcare) equilibrated in SEC buffer 
containing 1 mM TCEP, and eluates were collected in 0.5-mL fractions and tracked by 
absorbance at 280 nm. Peak eluates were used for EM analysis. Caspase-1-associated 
inflammasomes were prepared the same way, except that we co-expressed GFP-NLRC4 with a 
FLAG-tagged, C2824A Caspase-1 (which is catalytically dead to avoid cell toxicity associated 
with Caspase-1 activation3).  
 
2.2.3: Electron microscopy 
Cryo-EM grids were prepared on continuous carbon-coated C-flat holey carbon grids 



 

20 

(Protochips) that had been plasma cleaned for 8 s in air using a Solarus Plasma Cleaner (Gatan) 
operated at 10W just prior to use.  
 
Each grid was prepared using the grid floater (figure 2.13) by placing it carbon-side down on top 
of a 20 µL droplet of prepared inflammasome complexes and incubating it room temperature for 
10 min. After incubation, the grid was washed carbon-side down on a droplet of EM washing 
buffer (50 mM HEPES, pH 7.6, 150 mM NaCl, 10 mM KCl, 5 mM MgCl2, 1% trehalose, 0.02% 
NP-40) and loaded into a Vitrobot Mark II (FEI) at 22 °C and 100% relative humidity, then 
immediately blotted and plunge-frozen in liquid ethane.  
 

 
Figure 2.13: The grid floater in use. Vitrobot tweezers hold a grid, carbon-side down, on a droplet of prepared 
inflammasomes in buffer in a well of a Teflon plate that has been drilled to create wells of various volumes. The 
tweezers rest on a ramp made of a large amount of crumpled aluminum foil. In fact, the foil provides a perfect 
substrate for the tweezers because the height and angle can be adjusted to suit the size of the sample droplet, which 
depends on well size, droplet volume, and sample characteristics. After incubation of the grid on the sample droplet 
as shown here, it is rinsed in a droplet of buffer in one of the other wells just prior to plunge-freezing using the 
Vitrobot. 
 
Grids were inserted into a Titan Krios transmission electron microscope (FEI) operated at 300 
keV and equipped with a K2 direct electron detector (Gatan). Data were collected using 
SerialEM at a magnification corresponding to 1.31 Å/pixel, with a defocus range of −1.8 µm to 
−4.0 µm. Each six-second exposure consisted of 20 frames and the total dose was 10 
electrons/pixel/second. 
 
2.2.4: Image processing 
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Initial models were generated from a 9,844-particle data set of a negatively stained sample of 
GFP-NLRC4-F79A/D83A inflammasomes collected using a magnification of 50k× on a T20F 
electron microscope. 2D reference-free class averages were obtained in Appion55 using CAN and 
MRA, and the best 195 class averages were selected to generate initial models in EMAN256 
using e2initialmodel and imposing rotational symmetries. C11 and C12 converged to several 
consistent models while C10 and C13 failed to do so, in agreement with the 2D class average 
features. The two initial models (C11 and C12) were presented to the entire data set and refined 
simultaneously using iterative projection matching in EMAN2 using e2refine without imposing 
symmetry asking for two to four 3D models. The data converged to two asymmetric models with 
12 (43%) or 11 subunits (57%), neither of them a closed ring, at 29 Å resolution. 
 
MotionCor257 was used for frame alignment and dose weighting and the CTF was estimated 
using Gctf58. All other processing, including particle picking, 2D and 3D classification, and 3D 
refinement was conducted using RELION 1.459 (fig. 2.14). 865,358 particles were picked and 
subjected to initial 2D classification. 626,460 particles representing the best 2D classes were 
used for 3D classification into five classes (fig. 2.14D). Further classification separated particles 
mainly based on number of NLRC4 subunits (fig. 2.14D), and refinement of each of those 
individual classes did not improve resolution overall or in regions of greatest interest. The 
highest-resolution class from the first 3D-classification round, containing 252,214 particles, was 
selected for 3D refinement (fig. 2.14E). A mask around the first three subunits (NAIP5 and two 
NLRC4 subunits) and FlaA was then applied when the refinement began local searches (fig. 
2.14F). The overall resolution of the resulting map was 5.2 Å according to the gold-standard FSC 
= 0.143 criterion60,61 (fig. 2.2B). Local resolution was calculated using ResMap62 (fig. 2.2A). 
Although the Euler angle distribution was biased, we did not observe significant resolution 
anisotropy (fig. 2.15). 
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Figure 2.14: Data collection and processing pipeline. (A) Representative micrograph. (B) Representative 2D class 
averages. (C) Results from 3D classification into five classes. (D) Further classification of the most populated class 
into four new classes did not produce results with higher resolution. (E) The most populated class (boxed) was used 
for refinement. (F) A mask was applied around the first three subunits at the start of local searches during 
refinement, resulting in improved resolution. The number of particles used in each processing step is indicated. 
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Fig. 2.15. Resolution and fit of model in map. The Euler angle distribution (left) shows that there are preferred 
orientations (gray). However, the resolution is not anisotropic, as demonstrated by the similar resolution from the 
top view (middle) and from a view rotated 90˚ from the top (right). 
 
2.2.5: Structural modeling 
For the atomic interpretation of the high-resolution cryo-EM map, we employed the protein 
structure prediction server, I-TASSER35, to generate reliable independent homology models for 
the BIR1 (54–121), BIR2 (159–232), BIR3 (272–361), NDB (397–601), HD1 (603–655), WHD 
(663–763), HD2 (766–921), and LRR (984–1389) domains of NAIP5. The main structural 
template identified by I-TASSER for NAIP5 was the crystal structure of NLRC4 in the inactive 
conformation40 (PDB ID: 4KXF) that covered all the domains except the N-terminal (Nt) BIR 
region, where homology models from several BIR domains were recognized (PDB IDs: 1SE0, 
2VM5, and 1OXQ for BIR1, BIR2, and BIR3, respectively). We observed that the NAIP5 
structure is well-conserved with the NLRC4 structure, in particular in the NDB, HD1, and WHD 
domains, and to a lesser extent for the LRR and HD2 domains. The sequence identities of the 
BIR domains with templates were 25%, 75%, and 45% for BIR1, BIR2, and BIR3, respectively. 
Using I-TASSER, we modeled L. pneumophila FlaA from the flagellar filament structure of 
Salmonella enterica46 (PDB ID: 1UCU). 
 
The map densities were initially assigned to specific components by rigid-body fitting of the 
homology models using UCSF Chimera63, ADP_EM64, or Situs65. When necessary due to clear 
differences between model and density, the fitted models were used as a starting point for 
flexible refinement using iMODFIT36. The small loops connecting domains not accounted for in 
the homology modeling were generated ab initio using the RCD+ server38. The loops that better 
fit the map were included in the complete model, which was finally refined with PHENIX37. 
 
The fitting of NDB, HD1, and WHD models was performed as follows. The HD2 domain 
(sequence identity 20%) was modeled in three parts: Nt (766–817), horseshoe-like (818–850), 
and Ct (851–921) to better account for the conformational differences with respect to the HD2 of 
the NLRC4 template. In the N-terminal region of NAIP5 we were only able to model the three 
BIR domains plus one N-terminal helix (31–48), as the lack of structural homologs for the 
connecting regions and their slightly lower resolution prevented further atomic interpretation. 
The LRR has a sequence identity of 20% and two insertions with respect to the NLRC4 
sequence. The first insertion, which we named the inserted domain (ID), comprised 62 residues 
near the start of the LRR (922–983) that partially overlap with 23 missing residues (622–644) of 
the NLRC4 crystal structure. In this case, the low coverage and poor sequence identity with 
known protein structures precluded a complete modeling. We maximally extended the fitting 
procedure following the continuous density, but the majority of this insertion remained unsolved, 
leaving unassigned densities in the cryo-EM map. However, given the spatial proximity, we 
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hypothesized that one of these densities, with apparent cylindrical shape, corresponds to part of 
the ID that has a strong secondary structure prediction for an α-helix (964–976). The second 
insertion, approximately located between residues 1102 and 1138, was consistently identified as 
an extra leucine-rich repeat in several homology models considering variable length fragments of 
the LRR domain.  
 
After assigning all NAIP5 domains and NLRC4, the location of the FlaA D0 domain (1–33, 
441–475) was unambiguously determined, with the rest of the FlaA being blurred out in the 
cryo-EM map due to intrinsic flexibility. Finally, we refined NLRC4 with iMODFIT and Phenix 
because small but significant differences from previous structures (PDB IDs 4KXF and 3JBL) 
were found.  
 
To obtain the inactive/closed NAIP5 model, the NBD, HD1, WHD, HD2, and LRR domains of 
the NAIP5 model were independently superimposed in the corresponding domains of the 
crystallographic structure of the inactive/closed NLRC4 (PDB ID 4KXF, chain K). The NAIP5 
domains can adopt similar dispositions except in the HD2 inserted helices (corresponding to the 
NLRC4 phosphorylation loop). This region was manually moved away to obtain a clash-free 
NLRC4-inactive-like model. Finally, to obtain a complete inactive/closed model, our structure of 
the NAIP5 active conformation was morphed into the superimposed domains using iMorph tool 
from the iMODS server66,67. 
 
2.2.6: Immunoprecipitation 
Expression constructs in MSCV2.2 for mouse NLRC4, N-terminally FLAG-tagged NAIPs, and 
FlaN65-GFP and GFP-FlaC35 have been described previously2,42,43,68. PrgJN63 was fused 5′ of 
GFP by SOE PCR with PrgJN63 and GFP fragments followed by conventional cloning into 
mscv2.2. PrgJC38 was cloned in frame downstream of mCherry in mscv2.2-HA-mCherry-MCS. 
Point mutations in NAIP5, NLRC4, FlaA or PrgJ were introduced by Quickchange PCR.  
 
HEK293T were seeded in 6-well TC-treated plates at 8 ×x 105 cells/well and transfected the 
following day using Lipofectamine2000 (Invitrogen) with 500 ng each of the indicated 
expression constructs, except GFP-tagged ligand domains (250 ng each). Cells were harvested 
40-48 hr after transfection and lysed in chilled buffer (50 mM HEPES, pH 7.6, 150 mM NaCl, 
1% Triton, 10 mM KCl, 5 mM MgCl2, 1× Roche EDTA-free protease inhibitor cocktail). 
Lysates were cleared (16,000 x g, 15 min, 4 ºC), 2.5% of lysate was removed as input, and the 
remaining lysate was incubated 1–2 hr at 4 ºC with 30 µL of magnetic ProteinG beads (BioRad) 
coated with 1 µg of anti-FLAG antibody (M2, Sigma). Beads were washed four times with buffer 
and eluted with 1× SDS sample buffer at 70 ºC. Eluates were analyzed by SDS-PAGE and 
immunoblotting with the following antibodies: anti-NLRC4 (gift from S. Mariathasan and V. 
Dixit, Genentech), anti-FLAG (M2, Sigma), anti-HA (3F10, Roche), anti-c-myc (9E10, 
Clontech), anti-GFP (JL8, Clontech), anti-β-actin (C4, Santa Cruz), and secondary anti-mouse or 
anti-rabbit antibodies conjugated to Alex Fluor-680 (Invitrogen). Immunoblots were analyzed on 
a Li-Cor imager.  
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Chapter 3: Method to pursue the structure of the NLRP1 inflammasome 
 
3.1: Results and discussion 
 
In this chapter, I very briefly discuss the use of SA grids to improve samples for cryo-EM; in 
particular, I explore their use in increasing the number of particles adhering to the grids. The 
primary result presented in this chapter is the improvement in particle number of the NLRP1 
inflammasome and the successful optimization of the sample for cryo-EM analysis. 
 
3.1.1: Sample improvement with SA grids 
The use of SA grids increased the particle density approximately tenfold (compare fig. 3.1 to fig. 
3.2). Application of the technique for negatively stained NLRP1 was straightforward and did not 
require any adjustments to established protocols (see Chapter 3.2.4). Similarly, the transition to 
cryo-EM was immediately successful using previously published techniques for sample 
incubation on the SA grid and blotting and freezing parameters I had used previously for the 
NAIP5–NLRC4 inflammasome (fig. 3.3; see Chapter 3.2.5). Given that this method may be less 
time-consuming than other means of sample optimization and may work when other methods 
have failed, I propose that the use of SA grids is worth consideration for a variety of samples—
not just NLRP1 inflammasomes.  
 



 

26 

 
Figure 3.1: An electron micrograph of negatively stained NLRP1. Compare particle density to that seen in fig. 
3.2. 
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Figure 3.2: An electron micrograph of negatively stained NLRP1. Compare particle density to that seen in fig. 
3.1. Note the crystal lattice in the background. 
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Figure 3.3: A high-magnification cryo-EM image of NLRP1 on an SA grid. 
 
3.2: Materials and methods 
Andrew Sandstrom in the Russell Vance Lab prepared the samples as described in Chapters 
3.2.1, 3.2.2, and 3.3.3. Under the supervision of Eva Nogales, I was responsible for the EM 
outlined in Chapters 3.3.4 and 3.3.5. Bong-Gyoon Han kindly demonstrated how to prepare the 
SA grids using his technique32. 
 
3.2.1: Cloning 
The 129 allele of NLRP1 (nlrp1b) was cloned into the pAcSG2 vector with an N-terminal 
maltose binding protein and a C-terminal HA tag. A catalytically inactive murine Caspase-1 
mutant (C284A) with a C-terminal FLAG tag was also cloned into the pAcSG2 vector. These 
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vectors were transformed with linearized baculovirus DNA using BestBac 2.0 (Expression 
Systems) into SF9 cells to generate baculovirus following the manufacturer’s protocol.  
 
3.2.2: Cell culture 
For expression, 8 L of High5 cells at a density of 1.5 × 106 cells/mL were co-infected with 1 mL 
of the NLRP1 virus and 1 mL of the Caspase-1 virus. Approximately 36 hr after infection, the 
cells were harvested by centrifugation at 500	× g for 15 min. Cell pellets were then resuspended 
on ice in buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 5% glycerol, 1% NP-40) in a total 
volume of 200 mL and homogenized by hand with a 40 mL dounce homogenizer (Wheaton). 
The sample volume was brought to a total volume of approximately 1 L and left to lyse on ice 
for 30 min. The insoluble fraction was then removed by spinning the lysates at 24,000 × g for 30 
min. The soluble fraction was batch bound to 0.5 mL of FLAG antibody resin for 2 hr rotating at 
4 ºC.  
 
3.2.3: Preparation and biotinylation of inflammasome complexes 
The batch-bound sample was purified over a disposable 0.8 cm-diameter Poly-Prep column (Bio-
Rad) and the ANTI-FLAG M2 Affinity Gel (Sigma-Aldrich) was washed with 50 mL of wash 
buffer (20 mM HEPES, pH 7.5, 150 mM NaCl, 5% glycerol, 0.02% NP-40). The sample was 
then eluted with five 0.7-mL fractions containing 20 mM HEPES, pH 7.5, 150 mM NaCl, 5% 
glycerol, 0.02% NP-40, and 150 µg/mL FLAG peptide. 1 mg of ChromaLink (Solulink) was 
resuspended in 100 µL water and added to the second fraction to randomly biotinylate the 
sample for 20 min at room temperature. 650 µL of the biotinylation reaction mixture was then 
removed and treated with 0.05% glutaraldehyde for 10 min at room temperature. Finally, this 
reaction was quenched with 20 mM glycine, pH 7.5 and returned to 4 ºC.  
 
The biotinylated and cross linked sample was then spun at 16,000 × g at 4 ºC for 10 min before 
being purified over a Superose 6 10/300 column (GE Healthcare Life Sciences) in 20 mM 
HEPES, pH 7.5, 150 mM NaCl, 5% glycerol, and 0.02% NP-40. A 1-mL fraction corresponding 
to an elution volume of 8 mL was selected for characterization by electron microscopy.  
 
3.2.4: Electron microscopy of negatively stained NLRP1 inflammasomes 
SA grids were prepared as previously described32 and rehydrated in 20 mM HEPES, pH 7.5, 150 
mM NaCl, 5% glycerol, and 0.02% NP-40 just prior to use. Grids without SA monolayers were 
plasma cleaned for 20 s in air using a Solarus Plasma Cleaner (Gatan) operated at 10W just prior 
to use. 4 µL of prepared inflammasome complexes were applied to each grid, with or without SA 
monolayers, followed by incubation of the grid in a humidity chamber at room temperature for 5 
min before staining in four droplets of 30 µL each 1% uranyl formate. Negatively stained grids 
were inserted into a Tecnai 12 transmission electron microscope (FEI) operated at 120 keV and 
equipped with a TVIPS TemCam-F416. 
 
3.2.5: Cryo-electron microscopy of NLRP1 inflammsomes 
SA grids were prepared as previously described32 and rehydrated in 20 mM HEPES, pH 7.5, 150 
mM NaCl, 5% glycerol, and 0.02% NP-40 just prior to use. Grids without SA monolayers were 
plasma cleaned for 8 s in air using a Solarus Plasma Cleaner (Gatan) operated at 10W just prior 
to use. 4 µL of prepared inflammasome complexes were applied to each grid, with or without SA 
monolayers, followed by incubation in a humidity chamber at room temperature for 20 min. Ice 
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was placed on the handle of the tweezers to prevent evaporation during the long incubation 
process. Following incubation, each grid was washed sample-side down on a three 30 µL 
droplets of buffer (20 mM HEPES, pH 7.5, 150 mM NaCl, 5% glycerol, and 0.02% NP-40) and 
loaded into a Vitrobot Mark II (FEI) at 22 °C and 100% relative humidity, then immediately 
blotted and plunge-frozen in liquid ethane. Cryo grids were inserted into a Tecnai 20F 
transmission electron microscope (FEI) operated at 120 keV and equipped with a Gatan 
Ultrascan 4000. 
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Chapter 4: Conclusions and future directions 
 
4.1: Conclusions and future directions 
Our understanding of inflammasomes remains far from complete. The structure of the NAIP5–
NLRC4 inflammasome presented in this thesis provides exciting clues about how this complex, 
equally intriguing and beautiful, functions in the cell. In the future, it would be very informative 
to obtain an atomic-resolution cryo-EM structure of the NAIP5–NLRC4 inflammasome. 
However, it is not immediately clear how the resolution could be improved. Likely, a technique 
that limits the conformational and constitutional heterogeneity of the complex would be required, 
but alternative data processing techniques may also yield results.  
 
It would also be of interest to improve the resolution of the NAIP5–NLRC4 inflammasome in 
the region of NLRC4’s CARD—the all-important mediator of the interactions between the 
inflammasome and Caspase-1—the structure of which has eluded all who have sought it so far. It 
is conceivable that Caspase-1 binding stabilizes the CARDs, so perhaps solving the structure of 
the Caspase-1-bound inflammasome would finally allow the CARDs to be observed in detail. 
Regardless, determining the structure of the Caspase-1-bound inflammasome would be 
worthwhile in itself. 
 
Perhaps the most immediately accessible way to follow up on this work would be to solve the 
structure of the NLRP1 inflammasome. So little is known about NLRP1, the first protein ever 
observed to form an inflammasome. With the use of SA grids, it may now be possible to unlock 
key structural details about the NLRP1 inflammasome that will inform future mechanistic studies 
of this fascinating complex. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

32 

References 
 
1. Jones, J. D. G., Vance, R. E. & Dangl, J. L. Intracellular innate immune surveillance 

devices in plants and animals. Science (80-. ). 354, (2016). 
2. Kofoed, E. M. & Vance, R. E. Innate immune recognition of bacterial ligands by NAIPs 

dictates inflammasome specificity. Nature 477, 592–595 (2011). 
3. Zhang, L. et al. Cryo-EM structure of the activated NAIP2-NLRC4 inflammasome reveals 

nucleated polymerization. Science (80-. ). 350, 404 LP-409 (2015). 
4. Hu, Z. et al. Structural and biochemical basis for induced self-propagation of NLRC4. 

Science (80-. ). 350, 399 LP-404 (2015). 
5. Lamkanfi, M. & Dixit, V. M. Mechanisms and Functions of Inflammasomes. Cell 157, 

1013–1022 (2014). 
6. Shi, Y. Caspase Activation: Revisiting the Induced Proximity Model. Cell 117, 855–858 

(2004). 
7. Bergsbaken, T., Fink, S. L. & Cookson, B. T. Pyroptosis: host cell death and 

inflammation. 7, 99 (2009). 
8. Janeway, C. A. Approaching the Asymptote? Evolution and Revolution in Immunology. 

Cold Spring Harb. Symp. Quant. Biol.  54, 1–13 (1989). 
9. Takeuchi, O. & Akira, S. Pattern Recognition Receptors and Inflammation. Cell 140, 805–

820 (2010). 
10. Vance, R. E., Isberg, R. R. & Portnoy, D. A. Patterns of pathogenesis: discrimination of 

pathogenic and non-pathogenic microbes by the innate immune system. Cell Host 
Microbe 6, 10–21 (2009). 

11. Lupfer, C. R. & Kanneganti, T.-D. The role of inflammasome modulation in virulence. 
Virulence 3, 262–270 (2012). 

12. von Moltke, J., Ayres, J. S., Kofoed, E. M., Chavarría-Smith, J. & Vance, R. E. 
Recognition of Bacteria by Inflammasomes. Annu. Rev. Immunol. 31, 73–106 (2013). 

13. Franchi, L., Muñoz-Planillo, R. & Núñez, G. Sensing and Reacting to Microbes via the 
Inflammasomes. Nat. Immunol. 13, 325–332 (2012). 

14. Lamkanfi, M. & Dixit, V. M. Inflammasomes: guardians of cytosolic sanctity. Immunol. 
Rev. 227, 95–105 (2009). 

15. Ting, J. P.-Y. et al. The NLR Gene Family: A Standard Nomenclature. Immunity 28, 285–
287 (2008). 

16. Martinon, F., Burns, K. & Tschopp, J. The Inflammasome: A Molecular Platform 
Triggering Activation of Inflammatory Caspases and Processing of proIL-β. Mol. Cell 10, 
417–426 (2002). 

17. Broz, P. & Dixit, V. M. Inflammasomes: mechanism of assembly, regulation and 
signalling. Nat Rev Immunol 16, 407–420 (2016). 

18. Rayamajhi, M., Zak, D. E., Chavarria-Smith, J., Vance, R. E. & Miao, E. A. Mouse 
NAIP1 detects the type III secretion system needle protein. J. Immunol. 191, 
10.4049/jimmunol.1301549 (2013). 

19. Yang, J., Zhao, Y., Shi, J. & Shao, F. Human NAIP and mouse NAIP1 recognize bacterial 
type III secretion needle protein for inflammasome activation. Proc. Natl. Acad. Sci.  110, 
14408–14413 (2013). 

20. Zhao, Y. et al. The NLRC4 inflammasome receptors for bacterial flagellin and type III 
secretion apparatus. Nature 477, 596–600 (2011). 



 

33 

21. Chavarría-Smith, J. & Vance, R. E. The NLRP1 inflammasomes. Immunol. Rev. 265, 22–
34 (2015). 

22. Chavarría-Smith, J., Mitchell, P. S., Ho, A. M., Daugherty, M. D. & Vance, R. E. 
Functional and Evolutionary Analyses Identify Proteolysis as a General Mechanism for 
NLRP1 Inflammasome Activation. PLoS Pathog. 12, e1006052 (2016). 

23. Tschopp, J., Martinon, F. & Burns, K. NALPs: a novel protein family involved in 
inflammation. Nat. Rev. Mol. Cell Biol. 4, 95 (2003). 

24. D’Osualdo, A. et al. CARD8 and NLRP1 Undergo Autoproteolytic Processing through a 
ZU5-Like Domain. PLoS One 6, e27396 (2011). 

25. Finger, J. N. et al. Autolytic Proteolysis within the Function to Find Domain (FIIND) Is 
Required for NLRP1 Inflammasome Activity. J. Biol. Chem. 287, 25030–25037 (2012). 

26. Frew, B. C., Joag, V. R. & Mogridge, J. Proteolytic Processing of Nlrp1b Is Required for 
Inflammasome Activity. PLoS Pathog. 8, e1002659 (2012). 

27. Nogales, E. & Scheres, S. H. W. Cryo-EM: A Unique Tool for the Visualization of 
Macromolecular Complexity. Mol. Cell 58, 677–689 (2017). 

28. Frederik, P. M., Stuart, M. C. A., Bomans, P. H. H. & Busing, W. M. Phospholipid, 
Nature’s own slide and cover slip for cryo-electron microscopy. J. Microsc. 153, 81–92 
(1989). 

29. Quinn, P. J. & Dawson, R. M. C. An analysis of the interaction of protein with lipid 
monolayers at the air/water interface. Biochem. J. 116, 671–680 (1970). 

30. Yu, G. et al. Single-step antibody-based affinity cryo-electron microscopy for imaging 
and structural analysis of macromolecular assemblies. J. Struct. Biol. 187, 1–9 (2014). 

31. Kelly, D. F., Abeyrathne, P. D., Dukovski, D. & Walz, T. The Affinity Grid: A Pre-
fabricated EM Grid for Monolayer Purification. J. Mol. Biol. 382, 423–433 (2008). 

32. Han, B.-G. et al. Long shelf-life streptavidin support-films suitable for electron 
microscopy of biological macromolecules. J. Struct. Biol. 195, 238–244 (2016). 

33. Tenthorey, J. L. et al. The structural basis of flagellin detection by NAIP5: A strategy to 
limit pathogen immune evasion. Science (80-. ). 358, 888 LP-893 (2017). 

34. Halff, E. F. et al. Formation and Structure of a NAIP5-NLRC4 Inflammasome Induced by 
Direct Interactions with Conserved N- and C-terminal Regions of Flagellin. J. Biol. Chem.  
287, 38460–38472 (2012). 

35. Yang, J. et al. The I-TASSER Suite: protein structure and function prediction. Nat. 
Methods 12, 7–8 (2015). 

36. Lopéz-Blanco, J. R. & Chacón, P. iMODFIT: Efficient and robust flexible fitting based on 
vibrational analysis in internal coordinates. J. Struct. Biol. 184, 261–270 (2013). 

37. Adams, P. D. et al.  PHENIX: a comprehensive Python-based system for macromolecular 
structure solution. Acta Crystallogr. Sect. D Biol. Crystallogr. 66, 213–221 (2010). 

38. López-Blanco, J. R., Canosa-Valls, A. J., Li, Y. & Chacón, P. RCD+: Fast loop modeling 
server. Nucleic Acids Res. 44, W395–W400 (2016). 

39. Yuan, S. & Akey, C. W. Apoptosome structure, assembly and procaspase activation. 
Structure 21, 501–515 (2013). 

40. Hu, Z. et al. Crystal Structure of NLRC4 Reveals Its Autoinhibition Mechanism. Science 
(80-. ). 341, 172 LP-175 (2013). 

41. Qu, Y. et al. Phosphorylation of NLRC4 is critical for inflammasome activation. Nature 
490, 539–542 (2012). 

42. Lightfield, K. L. et al. Critical function for Naip5 in inflammasome activation by a 



 

34 

conserved carboxy-terminal domain of flagellin. Nat. Immunol. 9, 1171—1178 (2008). 
43. Tenthorey, J. L., Kofoed, E. M., Daugherty, M. D., Malik, H. S. & Vance, R. E. Molecular 

Basis for Specific Recognition of Bacterial Ligands by NAIP/NLRC4 Inflammasomes. 
Mol. Cell 54, 17–29 (2017). 

44. Aizawa, S.-I., Vonderviszt, F., Ishima, R. & Akasaka, K. Termini of Salmonella flagellin 
are disordered and become organized upon polymerization into flagellar filament. J. Mol. 
Biol. 211, 673–677 (1990). 

45. Vonderviszt, F., Kanto, S., Aizawa, S.-I. & Namba, K. Terminal regions of flagellin are 
disordered in solution. J. Mol. Biol. 209, 127–133 (1989). 

46. Yonekura, K., Maki-Yonekura, S. & Namba, K. Complete atomic model of the bacterial 
flagellar filament by electron cryomicroscopy. Nature 424, 643–650 (2003). 

47. Hughes, D. & Andersson, D. I. Evolutionary consequences of drug resistance: shared 
principles across diverse targets and organisms. Nat Rev Genet 16, 459–471 (2015). 

48. Andersen-Nissen, E. et al. Evasion of Toll-like receptor 5 by flagellated bacteria. Proc. 
Natl. Acad. Sci. United States Am.  102, 9247–9252 (2005). 

49. Miao, E. A. et al. Innate immune detection of the type III secretion apparatus through the 
NLRC4 inflammasome. Proc. Natl. Acad. Sci.  107, 3076–3080 (2010). 

50. Choe, J. E. & Welch, M. D. Actin-based motility of bacterial pathogens: mechanistic 
diversity and its impact on virulence. Pathog. Dis. 74, ftw099-ftw099 (2016). 

51. Smith, S. A. et al. Adaptive evolution of Toll-like receptor 5 in domesticated mammals. 
BMC Evol. Biol. 12, 122 (2012). 

52. Daugherty, M. D. & Malik, H. S. Rules of Engagement: Molecular Insights from Host-
Virus Arms Races. Annu. Rev. Genet. 46, 677–700 (2012). 

53. Smith, K. D. et al. Toll-like receptor 5 recognizes a conserved site on flagellin required 
for protofilament formation and bacterial motility. Nat Immunol 4, 1247–1253 (2003). 

54. Kersse, K., Lamkanfi, M., Bertrand, M. J. M., Vanden Berghe, T. & Vandenabeele, P. 
Interaction Patches of Procaspase-1 Caspase Recruitment Domains (CARDs) Are 
Differently Involved in Procaspase-1 Activation and Receptor-interacting Protein 2 
(RIP2)-dependent Nuclear Factor κB Signaling. J. Biol. Chem.  286, 35874–35882 (2011). 

55. Lander, G. C. et al. Appion: an integrated, database-driven pipeline to facilitate EM image 
processing. J. Struct. Biol. 166, 95–102 (2009). 

56. Tang, G. et al. EMAN2: An extensible image processing suite for electron microscopy. J. 
Struct. Biol. 157, 38–46 (2007). 

57. Zheng, S. Q. et al. MotionCor2: anisotropic correction of beam-induced motion for 
improved cryo-electron microscopy. Nat Meth 14, 331–332 (2017). 

58. Zhang, K. Gctf: Real-time CTF determination and correction. J. Struct. Biol. 193, 1–12 
(2016). 

59. Scheres, S. H. W. RELION: Implementation of a Bayesian approach to cryo-EM structure 
determination. J. Struct. Biol. 180, 519–530 (2012). 

60. Scheres, S. H. W. & Chen, S. Prevention of overfitting in cryo-EM structure 
determination. Nat Meth 9, 853–854 (2012). 

61. Rosenthal, P. B. & Henderson, R. Optimal Determination of Particle Orientation, 
Absolute Hand, and Contrast Loss in Single-particle Electron Cryomicroscopy. J. Mol. 
Biol. 333, 721–745 (2003). 

62. Heymann, J. B. Bsoft: Image and Molecular Processing in Electron Microscopy. J. Struct. 
Biol. 133, 156–169 (2001). 



 

35 

63. Pettersen, E. F. et al. UCSF Chimera—A visualization system for exploratory research 
and analysis. J. Comput. Chem. 25, 1605–1612 (2004). 

64. Garzón, J. I., Kovacs, J., Abagyan, R. & Chacón, P. ADP_EM: fast exhaustive multi-
resolution docking for high-throughput coverage. Bioinformatics 23, 427–433 (2007). 

65. Chacón, P. & Wriggers, W. Multi-resolution contour-based fitting of macromolecular 
structures11Edited by W. Baumeister. J. Mol. Biol. 317, 375–384 (2002). 

66. Lopéz-Blanco, J. R., Garzón, J. I. & Chacón, P. iMod: multipurpose normal mode analysis 
in internal coordinates. Bioinformatics 27, 2843–2850 (2011). 

67. López-Blanco, J. R., Aliaga, J. I., Quintana-Ortí, E. S. & Chacón, P. iMODS: internal 
coordinates normal mode analysis server. Nucleic Acids Res. 42, W271–W276 (2014). 

68. Lightfield, K. L. et al. Differential Requirements for NAIP5 in Activation of the NLRC4 
Inflammasome. Infect. Immun.  79, 1606–1614 (2011). 

 




