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Abstract

NOD-like receptors (NLRs) are innate immune sensors that can form inflammasomes
driving pyroptosis. NLRP3 is the best studied member of the NLRs to date, and its
dysregulation has been linked to human diseases relevant to our contemporary aging
society. NLRP9 and NLRP12 are less well studied, but they have been described to form
inflammasomes during infections. However, the existence of both inflammasomes has
never been biochemically confirmed, and the mode of action of small molecule inhibitors
is poorly understood. In this thesis, I show that recombinant human NLRP9 forms a
defined and stable monomer in solution that is expected to adopt an ADP-bound and
inactive conformation. Overexpression of NLRP9 in cells is not sufficient to nucleate
ASC specks, which contradicts inflammasome formation and is in great contrast to
NLRP3 or NLRP12. In line, the NLRP9 Pyrin domain (PYD) does not polymerize into
filaments or interact with ASC. Based on a 1.95 A crystal structure of NLRP9PYP, these
observations can be explained by finding several mismatches in residues that would
otherwise form interfaces in a filament.

Recombinant human NLRP12 associates with tubulin superfamily proteins, suggesting
a role of microtubules in inflammasome formation. In addition, the detergent CHAPS can
abrogate ATPase activity, which might indicate NLRP12 activation at lipid membranes.
However, NLRP12PYP does not polymerize into filaments or interact with ASC,
contradicting inflammasome formation. Based on a previously determined crystal
structure of NLRP12PYD, this discrepancy was investigated but did not yield a clear
explanation. Since recombinant NLRPI12NACHT can assemble into oligomers, it is
supposed that the NACHT domain acts as a scaffold for PYD polymerization. Crystals of
NLRP12NACHT have been generated under various conditions, but have not yet diffracted
sufficiently for structure determination.

The development of an optimized purification protocol allowed the determination of a
2.48 A crystal structure of NLRP3 in complex with the prototypic inhibitor CRID3.
NLRP3NACHT adopts an ADP-bound and inactive conformation stabilized by three
intramolecular interdomain interfaces, each containing a disease-relevant mutation site.
CRID3 binds NLRP3 with nanomolar affinity and inhibits ATPase activity. The binding
site is formed by a cleft located on the backside of the Walker A motif and is also required

to adopt the active state. In this way, CRID3 glues four subdomains of the NACHT



domain together with the transition LRR and locks NLRP3 in the inactive conformation.
Binding experiments demonstrated that CRID3 can be extended at the eastern side
without loss of interaction, and that substitution of the furan moiety could be an option
for the development of advanced NLRP3 inhibitors with lower hepatotoxicity. I anticipate
that these data could pave the way for rational and structure-guided drug optimization in

the future not only for NLRP3 but for all NOD-like receptors.
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Chapter 1: Introduction

1.1 The innate immune system

A major challenge for all living organisms is to counteract diverse threats with the
potential to compromise cellular homeostasis. These include cellular stress, malfunction,
injury, and infection (Medzhitov, 2008). Through billions of years of evolution, the
immune system evolved as a network of biological processes that enable the host to
eliminate diverse microbial pathogens and abnormal or damaged cells (Marshall et al.,
2018; Paludan et al., 2021). Notably, the human skin, gut, and lung collectively form a
large surface area (estimated > 110 m?, (Gallo, 2017)) that is permanently exposed to
potentially harmful microbes (including bacteria, fungi, and parasites), viruses, and toxins
(Marshall et al., 2018). However, only a limited number of these contacts will effectively
cause disease symptoms. This is due to the great efficacy of the vertebrate immune
system, which is commonly subdivided into innate and adaptive branches (Murphy,
2017). Both branches are activated through recognition of pathogens via mainly two types
of receptor systems: The germline-encoded and less specific pattern recognition receptors
(PRRs), which initiate immediate innate immune responses; and somatically recombined
antigen-specific receptors (i.e., T-cell and B-cell receptors), that can mediate delayed but
long-lasting protective immunity against virtually any pathogen by e.g., the production
of antibodies (Murphy, 2017; Takeuchi & Akira, 2010).

As an initial level of defense, intruding pathogens will encounter anatomical barriers
that are provided by the body’s epithelial surfaces. This includes the intact skin, oral
mucosa, respiratory epithelium, and intestine (Murphy, 2017). They retard the entry and
growth of pathogenic microbes via establishment of an acidic environment, promotion of
commensal bacteria and normal flora, or mucociliary clearance mechanisms that entrap
foreign microbes and propel them out of the body (Carrillo et al., 2017; Marshall et al.,
2018; Turvey & Broide, 2010). In addition, a large range of constitutive immune
mechanisms, including the production of antimicrobial proteins and peptides (such as
lysozyme and defensins), have been identified to further strengthen host defense
mechanisms (Marshall et al., 2018; Murphy, 2017; Paludan et al., 2021).

In case these barriers are breached, the innate immune system is ready to counteract

further invasion with a collection of plasma proteins known as the complement system
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(Murphy, 2017). Activation of the complement system via the classical- (which involves
antibodies), alternative- (which occurs in the presence of a pathogen alone), or lectin-
(which involves the recognition of carbohydrates on the pathogen surface) pathway can
mediate direct lysis of a microbe or opsonization and subsequent phagocytosis of the
invader by immune cells (Mathern & Heeger, 2015; Murphy, 2017).

Pathogens that evade both anatomical and chemical barriers finally encounter tissue-
resident sensor cells, such as macrophages, dendritic cells (DCs), and mast cells (Murphy,
2017). These cell types are able to detect a variety of inflammatory mediators/inducers
through the expression of PRRs. Such inducers include simple molecular components and
regular patterns of molecular structure, which are evolutionary conserved among many
pathogens because they are essential for their survival (Marshall et al., 2018; Murphy,
2017). Since these components generally have unique molecular or subcellular
characteristics not present in the host, they allow for discrimination between “self” and
“non-self” and are referred to as pathogen-associated molecular patterns (PAMPs)
(Janeway & Medzhitov, 2002; Murphy, 2017). Apart from PAMPs, certain PRRs can also
recognize damage-associated molecular patterns (DAMPs) and homeostasis-altering
molecular processes (HAMPs). DAMPs are immunogenic self-derived host molecules
that are released by damaged or dying cells and act as danger signals (Gong et al., 2020).
HAMPs collectively summarize other immunogenic danger signals, such as stress or
dyshomeostasis-associated molecular patterns or processes (Gong et al., 2020).

Triggering of PRRs can activate immune cells to produce and release various mediators
that directly eliminate invading pathogens or propagate the immune response. Latter
include chemokines and cytokines, which recruit and activate further immune cells
(mostly polymorphonuclear leukocytes) to support in phagocytosis of microbes or
damaged cells and to produce toxic chemical mediators, such as antimicrobial peptides,
degradative enzymes, and reactive oxygen species (ROS) to inactivate or lyse pathogens
(Murphy, 2017). Importantly, dendritic cells (DCs) are a class of professional antigen-
presenting cells and specialized in activating other immune cells. Uptake and recognition
of pathogens via PRRs can stimulate DCs to mature and migrate to lymphoid organs to
activate naive T- and B-cells, which in turn mount adaptive immune responses (Murphy,
2017; Patente et al., 2018). Thus, activation of immune cells via PRRs represents an
important link between the innate and adaptive immune system, which have to act in

concert to successfully clear the body from many infections, toxins, or cancerous cells.
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1.2 Pattern recognition receptors

PRRs are a class of germline-encoded receptors of the innate immune system that evolved
to directly recognize specific molecular structures of pathogens (PAMPs) and danger
signals generated by damaged, transformed, or dying host cells (DAMPs and HAMPs)
(Gong et al., 2020). In this way, our immune system is able to immediately react on threats
potentially compromising homeostasis by utilizing only a confined set of available
receptors (Bardoel & Strijp, 2011). PRRs are predominantly expressed in professional
immune cells, such as macrophages and DCs, but also in many nonprofessional immune
cells and even non-immune cells (Kumar et al., 2013; Takeuchi & Akira, 2010). They
commonly localize on the outer cell membrane, intracellular compartment membranes,
or the cytoplasm and are basically composed of ligand recognition domains, central
regulatory or transmembrane domains, and effector domains (Li & Wu, 2021). Based on
domain homology, most PRRs can be classified into five different types of receptors:
Toll-like receptors (TLRs), nucleotide-binding oligomerization domain (NOD)-like
receptors (NLRs), C-type lectin receptors (CLRs), retinoic acid-inducible gene-I (RIG-
I)-like receptors (RLRs), and absent in melanoma 2 (AIM2)-like receptors (ALRs) (Li &
Wu, 2021). Triggering of these receptors initiates downstream signal transduction via
common mechanisms such as oligomerization, recruitment of adaptor proteins,
proximity-induced activation of effector proteins including protein kinases or caspases,
and activation of transcription factors that cross-talk and converge into common
antimicrobial, antiviral, and inflammatory signaling pathways. These pathways include
nuclear factor (NF)-kB signaling, mitogen-activated protein kinase (MAPK) signaling,
TANK-binding kinase 1 (TBKI1)-interferon regulatory factor (IRF) signaling, and
inflammasome signaling, which regulate the expression and maturation of key molecules,
such as the previously mentioned chemokines and cytokines, but also type I interferons
(IFNs) and many proteins of the immune system machinery (Li & Wu, 2021; Takeuchi
& Akira, 2010).

Because the focus of this thesis is on NLR family proteins, embracing the full
complexity of PRRs and their downstream signaling pathways would go beyond the scope
of this introduction. Thus, the following description of the different types of PRRs is not
comprehensive and only intended to provide an overview about their similarities and
differences in domain architecture, structure, and function including ligand sensing

mechanisms and the subsequent immune response.
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1.2.1 Toll-like receptors

The TLR family was discovered when the Toll protein from Drosophila was identified as
a receptor important for fly immunity against fungal infection (Lemaitre et al., 1996).
This finding marks a milestone in immunology because subsequent discovery of a human
homolog (TLR4) enabled scientists for the first time to answer the long-standing question
of how pathogens can be sensed by the innate immune system (Medzhitov et al., 1997).
Today we know that TLRs are a class of type I transmembrane proteins that are
evolutionary conserved among organisms ranging from corals to humans (Fitzgerald &
Kagan, 2020). However, a distinct number of TLRs is encoded by individual organisms.
As an example, purple sea urchin encodes 222 different TLRs, whereas only ten
functional TLRs (TLR1-10) were identified in human (Fitzgerald & Kagan, 2020; Vijay,
2018). In mammals, TLRs can be located on the plasma or endosomal membranes, where
they primarily recognize bacterial cell surface components or diverse nucleic acid ligands
(Fitzgerald & Kagan, 2020). TLRs located at the plasma membrane include TLR1, TLR2,
TLR4, TLRS, and TLR6, whereas TLR3, TLR7, TLRS, TLR9, and TLR10 are found at
endosomal membranes (Figure 1-1) (Kawasaki & Kawai, 2014; S. M. Lee et al., 2018).
However, upon ligand sensing, TLR4 can be endocytosed and translocate to endosomal
membranes, which can alter its downstream signaling (Hornef et al., 2003; Kagan et al.,
2008; Zanoni et al., 2011). Interestingly, trafficking of TLRO to its final destination
includes similar but ligand-independent delivery to the plasma membrane and subsequent
endocytosis (Lee et al., 2013). This might also be the case for TLR10, which has mostly
been described in the literature to locate at the plasma membrane but was more recently
found to signal from the endosomal compartment (Kawasaki & Kawai, 2014; S. M. Lee
et al., 2018). The rationale behind this is not yet understood.

All TLRs have the same basic domain architecture: The amino (N)-terminal
ectodomain containing several leucine-rich repeats (LRRs) is followed by a single
transmembrane domain and the carboxy (C)-terminal cytosolic Toll-interleukin-1
receptor (TIR) homology domain (Fitzgerald & Kagan, 2020). Pattern recognition is
facilitated by direct interaction of variable numbers of ligand molecules with the LRR
domains of TLR dimers causing allosteric conformational changes that promote
interaction of cytosolic TIR domains, which is a prerequisite for signal transduction
(Fitzgerald & Kagan, 2020; Jin & Lee, 2008; Latz et al., 2007). Most TLRs form
homodimers with M-type structure of their ectodomains but TLR1 and TLR6 or TLR2
and TLR6 are functional as heterodimers (Fitzgerald & Kagan, 2020). Typically, LRR
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domains are composed of 20-30 amino acid modules that fold into an o/f ‘horseshoe-
like’ structure with a parallel B-sheet on the concave side and various mostly helical
secondary structures on the convex side (Enkhbayar et al., 2004; Park et al., 2015). In
TLRs, these modules are flanked by cysteine clusters forming disulfide bridges to protect
the central hydrophobic core that is established by conserved leucine-rich motifs and
further residues from a more variable region (Jin & Lee, 2008; Matsushima et al., 2007).
Variability of the ligand binding site within the LRR domain allows for the detection of
diverse pathogenic structures (Figure 1-1) (Fitzgerald & Kagan, 2020; Kawai & Akira,
2010; S. M. Lee et al., 2018; Li & Wu, 2021): Triacyl lipopeptide (TLR1/TLR2), diacyl
lipopeptide (TLR2/TLR6), double-stranded (ds) ribonucleic acid (RNA; TLR3 and
TLR10), lipopolysaccharide (LPS, TLR4), flagellin (TLRS), single-stranded (ss) RNA
(TLR7 and TLRS), and unmethylated CpG (5’-cytosine-phosphate-guanine-3)
containing single-stranded deoxyribonucleic acid (ssDNA; TLRY). Interestingly, TLR10
is the only receptor that was described to transmit anti-inflammatory signaling, whereas
other TLRs mediate inflammatory responses (S. M. Lee et al., 2018). Noteworthy,
activation of endosomal TLRs requires cleavage by endosomal cathepsins in their
ectodomain, low pH, and presence of free nucleosides (produced by acid-dependent
nucleases) to allow for efficient dimerization. These mechanisms likely ensure that
nucleic acid sensing only occurs in the endosomal compartment to prevent unintended
activation by self-molecules and concomitant autoimmune responses (Fitzgerald &
Kagan, 2020).

Recognition of LPS via TLR4 is dependent on auxiliary proteins and thus represents a
special case that deserves particular attention (Li & Wu, 2021). LPS is a major cell surface
component of gram-negative bacteria and is composed of a hydrophobic membrane
anchor known as Lipid A and a central hydrophilic core polysaccharide that is extended
by a repeating oligosaccharide chain called the O-antigen (Chandler & Ernst, 2017). Lipid
A is a glucosamine backbone connected to varying number of acyl chains with different
length and represents the component responsible for recognition by TLR4 (Chandler &
Ernst, 2017; Fitzgerald & Kagan, 2020). Upon infection with bacteria, the serum LPS-
binding protein (LBP) associates with the bacterial membrane and facilitates the
extraction of LPS molecules. Next, one molecule of LPS is transferred from LBP to a
CD14 (cluster of differentiation 14) dimer, which is a LRR protein on the host cell surface
or a secreted or shed soluble protein. Finally, LPS is transferred to a heterodimer of TLR4

and MD-2 (myeloid differentiation factor 2), which is bound to the concave side of the
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TLR4 LRR domain with parts of its B-sandwich fold (Figure 1-1) (Yin et al., 2015). In
case of hexacylated Lipid A, five acyl chains integrate into a hydrophobic pocket formed
by MD-2, whereas the last acyl chain is exposed to the surface and makes contact with a
TLR4 component of another TLR4/MD-2 heterodimer ultimately leading to TLR4
dimerization and subsequent signal transduction (Park et al., 2009). These structural and
mechanistic insights explained how complex formation enables picomolar activity of LPS
in macrophages and why TLR4 alone only forms weak interactions with LPS in vitro

(Gioannini et al., 2004).
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Figure 1-1: Toll-like receptors and their signaling pathways. Toll-like receptors (TLRs) are type I
transmembrane proteins that can be located at plasma or endosomal membranes. They can detect PAMPs
and DAMPs directly by utilizing their leucine-rich repeat (LRR)-containing ectodomains. However,
sensing of bacteria-derived lipopolysaccharide (LPS) by TLR4 is dependent on the auxiliary proteins LBP,
CD14, and MD-2. LBP binds to the bacterial membrane to extract LPS molecules, while CD14 facilitates
the transfer of a single molecule onto the TLR-4/MD-2 heterodimer. Upon ligand-binding, TLRs dimerize
to transduce signals with their cytosolic Toll-interleukin-1 receptor (TIR) domain. TIR domain
oligomerization can recruit the Myddosome or Triffosome multiprotein complexes to primarily induce
expression of pro-inflammatory genes and type I interferons (IFNs). Additionally, activation of proteins of
the RIPK family can result in inflammatory killing of the cell by a mechanism called necroptosis. The
circled ‘P’ represents phosphorylation. LBP: LPS binding protein, CD14: cluster of differentiation 14,
MD-2: myeloid differentiation factor 2, NF-«kB: nuclear factor kB, MAPK: mitogen-activated protein
kinase, RIPK: receptor-interacting serine/threonine-protein kinase, IRF: interferon regulatory factor,
dsRNA: double-stranded ribonucleic acid, ssRNA: single-stranded RNA, CpG DNA: 5’-cytosine-
phosphate-guanine-3’ containing desoxyribonucleic acid.
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After dimerization or oligomerization of cytosolic TIR domains, TLR signaling leads to
significant changes in cellular activity, including gene transcription, splicing, translation
efficiency, autophagy, glycolysis, and oxidative phosphorylation (Fitzgerald & Kagan,
2020). While the downstream mechanisms linked to these responses are not completely
understood, two possible signaling pathways including the formation of large
multiprotein scaffold complexes called supramolecular organizing centers (SMOCs) have
been unveiled (Figure 1-1) (Fitzgerald & Kagan, 2020). One SMOC termed as the
Myddosome is seeded by the TIR domain-containing peripheral membrane protein
TIRAP (Toll/interleukin-1 receptor domain-containing adapter protein), which binds
TLRs to recruit MyD88 (myeloid differentiation primary response 88) (Fitzgerald &
Kagan, 2020). MyD88 also consists of a C-terminal TIR domain and an N-terminal death
domain (DD) (Fitzgerald & Kagan, 2020). DDs belong to the death-fold superfamily
whose members are well known to assemble into helical filamentous structures that are
typical for inflammatory and apoptotic signaling complexes (Ferrao & Wu, 2012; Kersse
et al., 2011). Helical assembly of MyD88 results in association of members of the
interleukin-1 receptor (IL-1R) associated kinase (IRAK) family of serine threonine
kinases, which also comprise DDs. Proximity-induced activation of IRAKSs drives
autophosphorylation and recruitment of the E3 ubiquitin ligase TRAF6 (TNF [tumor
necrosis factor] receptor-associated factor 6), which can finally induce activation of
NF-«xB and AP-1 (activator protein 1) transcription factors via TAK1 (TGF-B-activated
kinase 1) or IFN-inducing transcription factors, such as IRF7 (Fitzgerald & Kagan, 2020;
Kawasaki & Kawai, 2014). Apart from the Myddosome, another supposed SMOC termed
the Triffosome can induce TLR-dependent immune responses through the peripheral
membrane protein TRAM (TRIF-related adaptor molecule) (Fitzgerald & Kagan, 2020).
TRAM is thought to form a complex with TLRs and TRIF (TIR-domain-containing
adapter-inducing IFN-B), TRAF3, and TBK1. This complex can promote NF-kB and
MAPK signaling via the RIPK1 (receptor-interacting serine/threonine-protein kinase 1)
axis or TRAF3-dependent activation of TBK1, which in turn recruits and activates IRF3
to ultimately induce the expression of type I IFNs and IFN-stimulated genes (Fitzgerald
& Kagan, 2020). RIPK1 can further activate RIPK3 to initiate an inflammatory mode of
cell death called necroptosis (Bertheloot et al., 2021; Fitzgerald & Kagan, 2020).
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1.2.2 NOD-like receptors
In humans, NLRs constitute a family of 22 cytosolic PRRs that are thought to detect a
wide range of pathogen and danger-associated molecular pattern to mount an innate
immune response against perpetrators of cellular imbalance (Motta et al., 2015; Platnich
& Muruve, 2019; Shaw et al., 2008; Shaw et al., 2010). Such ligands may include
microbial components (peptidoglycan, flagellin, viral RNA, fungal hyphae, etc.), host cell
components (ATP, cholesterol crystals, uric acid, etc.), or environmental triggers (alum,
asbestos, silica, alloy particles, UV radiation, etc.) (Kim et al., 2016). NLRs are primarily
expressed in immune cells but some NLRs are also found in non-immune cells, where
they have many roles beyond pathogen recognition, including the regulation of antigen
presentation or even stem cell survival and embryonic development (Meunier & Broz,
2017; Motta et al., 2015; Shaw et al., 2008). However, the function of many family
members is currently unknown or their pathways have been incompletely characterized.
NLRs share a similar tripartite domain architecture with a C-terminal LRR domain,
a central NACHT (acronym for NAIP [NLR family apoptosis inhibitory protein], CIITA
[class II, major histocompatibility complex, transactivator], HET-E [incompatibility
locus protein from Podospora anserina], and TPl [telomerase-associated protein])
domain, and N-terminal death-fold superfamily effector domains (Meunier & Broz, 2017;
Platnich & Muruve, 2019). Based on the type of effector domain, NLRs are further
classified into four subfamilies: NLRAs, NLRBs, NLRCs, and NLRPs (Figure 1-2) (Kim
et al.,, 2016). CIITA is the only representant of the NLRA family, which contains an
N-terminal caspase activation and recruitment domain (CARD) and an acidic
transactivation domain (AD). Members of the NLRB family comprise BIR (baculovirus
inhibitor of apoptosis protein repeat) domains. In humans, this family is represented by
the NLR family apoptosis inhibitory protein (NAIP). The NLRC family consists of six
members: NLRC1 (NOD1), NLRC2 (NOD2), NLRC3, NLRC4, NLRC5, and NLRX1.
NOD1, NOD2, and NLRC3 contain one or two N-terminal CARD domains, whereas
NLRC3, NLRCS5, and NLRX1 comprise an unknown N-terminal effector domain. The
NLRP family includes 14 members (NLRP1-14), which all contain an N-terminal Pyrin
domain (PYD) (Meunier & Broz, 2017). Of note, CARDs and PYDs are members of the
death-fold superfamily, which typically adopt a six-helical bundle fold and are known for
mediating homotypic CARD-CARD or PYD-PYD interactions in oligomers (Ferrao &
Wu, 2012; Kersse et al., 2011; Park et al., 2007).
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Figure 1-2: The human NOD-like receptor family and functions in innate immunity. NOD-like
receptors (NLRs) mostly comprise a tripartite domain architecture with an N-terminal effector domain, a
central NACHT domain, and C-terminal LRRs. Depending on the type of effector domain, the family is
further classified into four subfamilies (NLRA, NLRB, NLRC, NLRP). NLRs fulfill diverse functions in
innate immunity. However, most family members have currently not been well characterized. Figure is
based on (Meunier & Broz, 2017) and complemented with known NLR functions reported in the literature
and described in the text. CIITA: Class II, major histocompatibility complex, transactivator, NAIP: NLR
family apoptosis inhibitory protein, NOD: nucleotide-binding oligomerization domain, MHC: major
histocompatibility complex, T3SS: Type III bacterial secretion system, NF-kB: nuclear factor kB, MAPK:
mitogen-activated protein kinase, IFN: interferon, ROS: reactive oxygen species, CARD: caspase
activation and recruitment domain, AD: acidic transactivation domain, NACHT: acronym for NAIP,
CITA, HET-E, and TP1, LRR: leucine-rich repeat, BIR: baculovirus inhibitor of apoptosis protein repeat,
PYD: Pyrin domain, FIIND: function to find domain, MTS: mitochondrial targeting sequence.
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NLRP1 and NLRP10 are distinct from other NLRPs because they do not share the
tripartite domain architecture. NLRP1 comprises an additional function to find (FIIND)
and CARD domain at its C-terminus. The FIIND domain is composed of interlaced ZUS5-
UPA domains that undergo autolytic cleavage and thereafter remain associated, which is
necessary but insufficient for activation of NLRP1 (Finger et al., 2012). Association of
the cleavage fragments is supported by interaction with dipeptidyl peptidase 9 (DPP9)
(Hollingsworth et al., 2021; Huang et al., 2021). Additionally, in NLRP1 the C-terminal
CARD is the effector domain, whereas the N-terminal PYD might mediate autoinhibitory
interaction (Finger et al., 2012; Mitchell et al., 2019; Zhong et al., 2016). NLRP10 does
only contain a PYD and NACHT domain but not the C-terminal LRR domain. Thus, it
was suggested as a signaling adaptor rather than an NLR sensor, because ligand
recognition or activator sensing is proposed to typically appear at the LRR domain of
NLRs (Meunier & Broz, 2017; Shaw et al., 2008; Zhong et al., 2013).

Ligand recognition was investigated by a structural study on murine NAIPS, which
recognizes bacterial flagellin by direct interaction with its LRR domain and a portion of
the NACHT domain (Tenthorey et al., 2017). In line, mutagenic disruption/removal of
the LRR domains of NAIPs or NOD1/2 renders the proteins defective in pathogen
recognition (Meunier & Broz, 2017; Motta et al., 2015). However, removal of the LRR
domain can also result in hyperactive protein thus arguing for a second role in
autoinhibition (Meunier & Broz, 2017). The mechanism behind this was revealed by a
structural study on inactive NLRC4, where the LRR domain folds back towards one side
of the NACHT domain to sterically occlude oligomerization interfaces and stabilize the
inactive conformation (Hu & Chai, 2016; Hu et al., 2013). Similar with the structurally
reminiscent family of plant R proteins, ligand recognition is thought to result in
conformational changes from an inactive and ‘closed’ state to an active and ‘open’ state
leading to subsequent oligomerization (Danot et al., 2009; Maruta et al., 2022; Sandall et
al., 2020). This proposes a model of NLR activation by modification or ligand-induced
displacement of the autoinhibiting intramolecular contacts between the NACHT and
LRR domains leading to conformational change, concomitant oligomerization, and
signaling by the N-terminal effector domain. However, in case of NOD2 the LRR domain
is not attached to the NACHT domain, suggesting a different mode of autoinhibition that
relies on interdomain interactions in the NACHT domain itself (Maekawa et al., 2016).
Furthermore, the LRR domain of NLRP3 was reported to be dispensable for

autoinhibition and activation, indicating other domains might facilitate ligand sensing and
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activation in some NLRs (Hafner-Bratkovic et al., 2018). LRRs have also been shown to
aid in oligomerization (as shown for NLRC4), but the key domain driving self-assembly
is thought to be the central NACHT domain (Danot et al., 2009; Moghaddas et al., 2018).

The NACHT domain is composed of four subdomains, which classify NLR proteins
as members of the family of signal transduction ATPases with numerous domains
(STAND): The nucleotide binding domain (NBD), helical domain 1 (HD1), the winged
helix domain (WHD), and helical domain 2 (HD2) harbor conserved motifs involved in
nucleotide binding and hydrolysis, such as the Walker A and Walker B motifs and specific
sensor motifs (Sandall et al., 2020). Nucleotide exchange from adenosine diphosphate
(ADP) to adenosine triphosphate (ATP) and subsequent hydrolysis are known to be
essential regulatory events for the oligomerization and downstream functions of NLRs
but the precise role of these events remains to be determined (Duncan et al., 2007;
Platnich & Muruve, 2019; Ye et al., 2008). Some NLRs, such as NLRP3, contain a fish-
specific NACHT associated domain (FISNA) upstream of the NBD that was first
identified as a distinct domain in zebrafish (Stein et al., 2007).

Although NLRs are functionally quite diverse, certain receptors are related in their
ability to directly regulate transcription (i.e., CITA, NLRCS5), mediate NF-xB and
MAPK signaling (e.g., NOD1, NOD2) or to form multimeric complexes driving
pyroptosis —a rapid mode of inflammatory and lytic cell death that relies on the activation
of caspases (Platnich & Muruve, 2019). These complexes have been termed
inflammasomes (Martinon et al., 2002) and will be explained in more detail in section
1.3. In short, inflammasome formation results in bursting of cells together with
maturation and release of pro-inflammatory cytokines (i.e., IL-1p, IL-18). Inflammasome
formation has been validated for different NLRs, including NAIP/NLRC4, NLRPI,
NLRP3, and NLRP6, while existence of NLRP2, NLRP7, NLRP9, and NLRP12
inflammasomes remains to be proven biochemically (Kim et al., 2016; Platnich &
Muruve, 2019; Shen et al., 2019). The following descriptions shall give an overview of
exemplary NLRs where functional insights have been reported (Figure 1-3).

CIITA and NLRCS are upregulated upon IFNy signaling. Both proteins can
translocate to the nucleus and act as transactivators of MHC I and MHC II gene
expression, respectively (Motta et al., 2015; Shaw et al., 2010). NLRCS can also associate
with RIG-I to drive robust antiviral responses against influenza virus (Ranjan et al., 2015).
NOD1 and NOD2 can recognize bacterial peptidoglycan (PGN) derivatives (i.e., y-D-
glutamyl-meso-diaminopimelic acid [iE-DAP] and muramyl dipeptide [MDP],
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respectively), which may derive from bacterial cell division in the cytosol of infected cells
or leak from lysosomal compartments where phagocytosed bacteria have been lysed
(Shaw et al., 2010). Ligand binding triggers oligomerization and subsequent recruitment
of RIPK2 or CARD9 (CARD protein 9) via homotypic CARD interactions, which drives
downstream activation of NF-kB or MAPK signaling, respectively (Platnich & Muruve,
2019; Shaw et al., 2010). Additionally, NOD2 was implicated in the recognition of viral
ssSRNA, which stimulates interaction with MAVS (mitochondrial antiviral-signaling
protein) at the mitochondrial membrane and culminates in the expression of type I IFNs
via activation of IRF3 (Negroni et al., 2018). Furthermore, NOD1 and NOD2 might be
related to autophagic processes, since they were described to interact with autophagy
related 16 like 1 (ATG16L1), which results in the recruitment of the autophagy machinery
to the site of bacterial entry on the plasma membrane (Travassos et al., 2010).

Human NAIP is implicated in recognizing components of the bacterial type III
secretion system (T3SS) (Platnich & Muruve, 2019). Interestingly, expression of a
second, extended isoform of human NAIP possess capability to bind to Salmonella
flagellin (Kortmann et al., 2015). As demonstrated for the murine system, activated NAIP
is able to directly interact with NLRC4 and drive conformational changes that lead to
activation, oligomerization, and cooperative inflammasomal signaling (Zhang et al.,
2015). Importantly, the concept of cooperative signaling is not new to the field of innate
immunity (see e.g., TLR heterodimers) but just emerged in the field of NLRs. It can be
assumed that future studies will identify more pairs of sensory and executive NLRs,
which together form a functional inflammasome or even other signaling complexes.

Activity of lethal toxin, a secreted protease of Bacillus anthracis, is sensed by murine
NLRP1 (Boyden & Dietrich, 2006). Instead, human NLRP1 was supposed to be activated
by MDP, which is a membrane component of gram-positive and gram-negative bacteria
(Faustin et al., 2007). Although recognition of MDP by human NLRPI is controversial
(Martino et al., 2016; Reubold et al., 2014), this is an important example for differential
pattern recognition and regulatory mechanisms adapted by an ortholog receptor. More
recently, interaction of the NLRP1 LRR domain with viral dsSRNA was also identified to
trigger activation and inflammasomal signaling (Bauernfried et al., 2021). NLRP1 can
further be activated by LRR-independent mechanisms. After self-processing of the FIIND
domain, a number of viral 3C proteases have been identified to cleave and destabilize the
autoinhibiting N-terminus of NLRP1, causing ubiquitination and subsequent proteasomal

degradation, thereby releasing the C-terminal fragment for inflammasome formation

12



Introduction

(Robinson et al., 2020; Tsu et al., 2021). Notably, activation of murine NLRP1b via lethal
toxin was shown to be mediated by a similar mechanism (Levinsohn et al., 2012).
Additionally, ubiquitination can also be induced by microbial E3 ubiquitin ligases, such
as IpaH7.8 from Shigella flexneri (Sandstrom et al., 2019). Of note, ubiquitination of
proteins is utilized by cells as a common signal for proteasomal degradation
(Ciechanover, 1994). These findings suggest that the majority of the PYD-NACHT-LRR
domain assembly of NLRP1 is dispensable for its activity. Indeed, CARDS is a protein
considered a ‘minimized’ NLRP1 ortholog that harbors only the FIIND and CARD
domains and can be activated via proteolytic processing by HIV protease (Mitchell et al.,
2019; Wang et al., 2021). It is a reasonable hypothesis that NLRP1 and CARDS evolved
as a ‘tripwire’ for these pathogens by sensing the activity of viral proteases and microbial
E3 ubiquitin ligases that often target and inactivate host proteins with immune functions
(Fenini et al., 2022). Lately, bacterial toxins (e.g., anisomycin) and ultraviolet B (UVB)
radiation, which both trigger ribotoxic stress, were found to activate the NLRP1
inflammasome. In this pathway, the zipper-sterile-a-motif kinase (ZAKa) is activated,
whereafter it hyperphosphorylates NLRP1 in a disordered region between the PYD and
NACHT domain, thereby activating the NLRP1 inflammasome (Robinson et al., 2022).
A plethora of pathogen and host-derived molecular stimuli, including ATP, nigericin,
particulate matter, ROS, and many more have been described to act in common pathways
that activate the NLRP3 inflammasome (Paik et al., 2021). However, none of these
stimuli could be demonstrated to directly bind and activate NLRP3. Thus, it is currently
thought that the pathways they trigger culminate in one specific activator. Most of these
pathways (e.g., potassium and chloride efflux, calcium signaling, lysosomal disruption)
can be associated with rupture of cellular and organellar membranes thus demonstrating
that NLRP3 is a general sensor for disturbances in cellular homeostasis (Platnich &
Muruve, 2019). Strikingly, one particular convergence point of common NLRP3 agonists
is potassium ion efflux. Indeed, it was demonstrated that presence of low intracellular
potassium results in an ‘open’ conformation of NLRP3 that promotes inflammasome
assembly, whereas blockage of potassium efflux can abrogate NLRP3 inflammasome
activation downstream of aforementioned stimuli (Munoz-Planillo et al., 2013; Tapia-
Abellan et al., 2021). Additionally, the mitotic NIMA-related kinase 7 (NEK?7) interacts
with the NLRP3 LRR domain to potentially license inflammasome formation. However,
its precise role in activating NLRP3 remains to be determined (He et al., 2016; Schmid-

Burgk et al., 2016; Sharif et al., 2019; H. Shi et al., 2016).
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Figure 1-3: Nod-like receptors and their signaling. NOD-like receptors (NLRs) are cytosolic PRRs that
comprise a tripartite domain architecture with an N-terminal effector domain, a central NACHT domain
and a number of C-terminal leucine-rich repeats (LRRs). Functionally, the family is quite diverse but related
in their ability to directly regulate transcription, mediate NF-kB and MAPK signaling or to form multimeric
complexes driving pyroptosis. These complexes have been termed inflammasomes. Pyroptosis is defined
as gasdermin-mediated lytic cell death in concert with maturation and release of the pro-inflammatory
cytokines IL-1f and IL-18. NLRCS5 and CIITA are upregulated in response to stimulation with IFNy and
translocate to the nucleus to induce the expression of MHC I and MHC II genes, respectively. Additionally,
NLRCS5 can form a complex with RIG-I to induce a robust anti-viral immune response against infection
with influenza virus. NOD1 and NOD2 can sense microbial peptidoglycan derivatives and mediate NF-xB
and MAPK signaling to induce the expression of pro-inflammatory genes or recruit the autophagy
machinery to bacterial entry sites at the cell membrane. NOD2 can also sense viral RNA and induce the
expression of type I IFNs via MAVS at the mitochondrial membrane. NAIP can sense components of the
bacterial T3SS or flagellin and activate NLRC4 to form an inflammasome. NLRP1 might also form an
inflammasome upon recognition of MDP or cytosolic RNA. Recently, ribotoxic stress, which activates
ZAKa, was found to result in hyperphosphorylation of the NLRP1 N-terminus and thereby drive
inflammasome formation. Furthermore, viral proteases can cleave and thus destabilize the NLRP1
N-terminus promoting proteasomal degradation. Since NLRP1 is autolytically cleaved in its FIIND domain,
proteasomal degradation releases the C-terminal UPA-CARD fragment for inflammasome formation. The
NLRP3 inflammasome is activated by cellular imbalances that mostly culminate in the efflux of potassium
ions. NLRP6, NLRP11, and NLRP12 have anti-inflammatory function and can inhibit NF-xB and MAPK
signaling as well as anti-viral responses. While the pathway for NLRP6 has not been determined, NLRP12
was shown to interact with IRAK-1, TRAF3, NIK, NOD2, and RIG-I. As a consequence, IRAK-1
hyperphosphorylation is inhibited, TRAF3 is stabilized, and proteasomal degradation of NIK, NOD2, and
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RIG-I is promoted. Instead, NLRP11 promotes proteasomal degradation of TRAF6. Additionally, NLRP6
can sense LPS, LTA, and viral RNA via the RNA helicase DHX15. Recent insights revealed that activated
NLRP6 can form condensates, which enables the formation of an inflammasome or the induction of type I
IFNs via MAVS. NLRP12 was proposed as an inflammasome sensor for specific strains of Yersinia and
Plasmodium but its definitive ligand is still unknown. The NLRP12 inflammasome was also not proven
biochemically. Another inflammasome that needs verification is formed by NLRP9, which might recognize
cytosolic RNA via DHX9. The circled ‘P’ represents phosphorylation. NOD: nucleotide-binding
oligomerization domain, IFN: interferon, CIITA: class 11, major histocompatibility complex, transactivator,
MHC: major histocompatibility complex, IL-1p: interleukin-1p, IL-18: interleukin-18, NAIP: NLR family
apoptosis inhibitory protein, T3SS: type III secretion system, ZAKa: zipper-sterile-a-motif kinase, MDP:
muramyl dipeptide, dsSRNA: double-stranded ribonucleic acid, ssRNA: single-stranded ribonucleic acid,
IRF: interferon regulatory factor, UPA: acronym for UNCS, PIDD, and Ankyrins, CARD: caspase
activation and recruitment domain, MAVS: mitochondrial antiviral-signaling protein, RIG-I: retinoic acid-
inducible gene-I, K*: potassium ion, TLR: Toll-like receptor, TRAF3: TNF receptor-associated factor 3,
TRAF6: TNF receptor-associated factor 6, IRAK-1: IL-1 receptor associated kinase 1, NIK: NF-«xB-
inducing kinase, DHX9: DEAH box helicase 9, DHX15: DEAH box helicase 15, LPS: lipopolysaccharide,
LTA: lipoteichoic acid, LLPS: liquid-liquid phase separation, NF-kB: nuclear factor kB, MAPK: mitogen-
activated protein kinase, ATGI16L1: autophagy related 16 like 1, iE-DAP: y-D-glutamyl-meso-
diaminopimelic acid, NACHT: acronym for NAIP, CIITA, HET-E, and TP1, LRR: leucine-rich repeat,
RIPK2: receptor-interacting serine/threonine-protein kinase 2, CARD9: CARD protein 9.

Among others, NLRP6 and NLRP12 have been reported to have a dual role in innate
immunity. Apart from forming inflammasomes, they can negatively regulate NF-xB and
MAPK signaling (Allen et al., 2012; Anand et al., 2012; Krauss et al., 2015; Zaki et al.,
2011). More precisely, murine Nilrp6-deficient (Nlrp6”) bone marrow-derived
macrophages (BMDMs) that were exposed to Listeria monocytogenes or known TLR
agonists showed enhanced NF-kB and MAPK pathway activation, as if compared with
Nlirp6 wildtype (Nlrp6™) BMDMs (Anand et al., 2012). However, the molecular details
of the anti-inflammatory effects of NLRP6 have never been elucidated. In contrast,
structural and biochemical studies investigated mechanistic detail about NLRP6
inflammasome formation. LPS was shown to directly bind to recombinant NLRP6, which
results in conformational change and homodimerization (Leng et al., 2020). However,
oligomerization into linear molecular platforms and inflammasome formation via the
PYD effector domain required further presence of ATP (Leng et al., 2020). Interestingly,
lipoteichoic acid (LTA, membrane component of gram-positive bacteria) and long
stretches of viral dSRNA were also found as ligands for NLRP6 (Hara et al., 2018; Shen
et al., 2021; Zhu et al., 2017). Importantly, recognition of dsSRNA requires interaction
with DHX15 (DEAH box helicase 15) (Xing et al., 2021). Upon activation, NLRP6 forms
condensates by a mechanism called liquid-liquid phase separation (LLPS). Following,
NLRP6 can interact with MAVS to promote the expression of type I IFNs or participate
in inflammasome formation, which will solidify NLRP6 condensates and mediate

pyroptosis (Shen et al., 2021; Xing et al., 2021).
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NLRP12 has been shown to shut down TLR and TNF receptor (TNFR)-driven NF-kB
and MAPK signaling by preventing the hyperphosphorylation of IRAK1 and regulating
the degradation of important molecules of the signaling cascade, including NIK (NF-«xB-
inducing kinase) and TRAF3 (Allen et al., 2012; Arthur et al., 2007; Lich et al., 2007;
Tuladhar & Kanneganti, 2020; Williams et al., 2005; Ye et al., 2008; Zaki et al., 2011).
Additionally, NLRP12 can interact with NOD2 and induce its proteasomal degradation
(Normand et al., 2018). More recently, NLRP12 was implicated in regulating anti-viral
response by enhancing proteasomal degradation of RIG-I and inhibiting the ubiquitin
ligase TRIM25 (tripartite motif-containing protein 25), which is important for RIG-I
activation (Chen et al., 2019). Consistent with its role as a negative regulator of
inflammation, NLRP12 is transcriptionally suppressed via Blimp-1 (B lymphocyte-
induced maturation protein 1) downstream of certain TLR stimuli, whereas expression of
inflammatory NLRs is typically induced (Lord et al., 2009). The anti-inflammatory
function was proposed to be especially important to maintain a quiescent state during
resting and after infection, when NLRP12 is upregulated to (re-)establish homeostasis.
Additionally, NLRP12 might manage pathogen discrimination in the gut, where
permanent presence of commensal bacteria shall not cause unintended or excessive
inflammation. This was especially investigated in models of experimental colitis, which
revealed that NLRP12 suppresses colon inflammation and tumorigenesis (Allen et al.,
2012; Chen et al., 2017; Shaw et al., 2010). Conflicting, earlier reports on NLRP12
suggested a role in inflammasomal signaling upon infection with strains of Yersinia pestis
and Plasmodium vivax (Ataide et al., 2014; Vladimer et al., 2012). This is indeed
supported by the finding that mutations in the Nlrp12 gene lead to the same phenotypic
disease as is the case for NLRP3, which is well known to form an inflammasome (Wang,
2022). However, the defined molecular structure sensed by NLRP12 is unknown and
biochemical validation of the existence of the NLRP12 inflammasome still remains.

Similar with NLRP6 and NLRP12, also NLRP11 was shown to attenuate TLR-driven
NF-kB and MAPK signaling (Ellwanger et al., 2018; Wu et al., 2017). Mechanistically,
NLRPI1 can mediate proteasomal degradation of TRAF6 via the ubiquitin ligase
RNF19A (RING finger protein 19A) (Wu et al., 2017).

The NLRP9 inflammasome is another example where its existence and underlying
molecular mechanisms remain to be determined by biochemical studies. NLRP9 was first
discovered as a protein with implications in embryonic development and only later

proposed as an intestinal sensor for infections with rotavirus (Mullins & Chen, 2021). In
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detail, it was found that short stretches of viral dsRNA bind to DHX9, which mediates
the interaction with NLRP9b (a murine isoform of NLRP9). Successive activation of
NLRPO9Db results in inflammasome formation and maturation of IL-18 but not IL-1p.
Importantly, the study also revealed intestinal expression of human NLRP9 and
association with DHX9 and inflammasome components in rotavirus-infected HEK293T
cells (Zhu et al., 2017). While lysis of infected cells might limit the viral infection, the
role of IL-18 in eliminating this pathogen could not be finally elucidated. IL-18-deficient
mice did not exhibit increased susceptibility to infection with rotavirus, whereas
administration of IL-18 to mice helped to prevent or eliminate the infection (B. Zhang et
al., 2014; Zhu et al., 2017).

Further studies are needed to unravel the undoubtedly important role of NLRs in innate
immunity and beyond, not least because many family members not mentioned here have
not been adequately explored, especially given that NLR function and dysregulation have
been linked to a variety of human diseases (Caruso et al., 2014; Christgen & Kanneganti,
2020; Guo et al., 2015; Kim et al., 2016; Lunemann et al., 2021; Mangan et al., 2018;
Strowig et al., 2012; Zhong et al., 2013).

1.2.3 C-type lectin receptors

The CLR family comprises a large number of mostly transmembrane proteins that are
classified into seventeen subgroups (I-XVII) according to their features including domain
organization and phylogeny (Hoving et al., 2014; Sancho & Reis e Sousa, 2012). They
commonly share one or more extracellular C-type lectin-like domains (CTLDs), which is
a conserved structural motif arranged as two loops that are connected by four conserved
cysteine residues forming disulfide bridges at the bases of the loops. The more flexible
second loop generally contains the ligand binding site (Zelensky & Gready, 2005).
CTLDs can specifically recognize a number of different ligands, including the molecular
structure of carbohydrates, proteins, lipids, or even inorganic molecules, enabling CLRs
to recognize various fungi, viruses, bacteria, and parasites (Geijtenbeek & Gringhuis,
2009; Sancho & Reis e Sousa, 2012). The most common CTLD function is to provide
Ca®*-dependent lectin (carbohydrate binding) activity (Hoving et al., 2014; Sancho &
Reis e Sousa, 2012). In this case, the CTLD is a carbohydrate recognition domain (CRD),
which encompasses four Ca?" binding sites. Ligand recognition and specificity is

determined at site 2, which contains two amino acids with long carbonyl side chains
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separated by a cis-proline and is responsible for specific binding of individual
monosaccharides. In this way, CRDs can be separated in one group that contains an EPN
(glutamate-proline-asparagine) motif and confers specificity for mannose-based ligands
and another group with an QPD (glutamine-proline-aspartic acid) motif with preference
for galactose-based ligands (Kingeter & Lin, 2012; Sancho & Reis e Sousa, 2012;
Zelensky & Gready, 2005). Different ligand specificity is well exemplified by the
prominent family members Dectin-1 (dendritic cell-associated C-type lectin 1), Dectin-2,
and Mincle (macrophage inducible Ca?*-dependent lectin receptor), which preferentially
bind to B-glucan, high mannose, and a-mannose, respectively (Kingeter & Lin, 2012).
Based on the cytoplasmic tail, CLRs can be further classified as activating and Syk
(spleen tyrosine kinase)-coupled CLRs, inhibitory CLRs, and CLRs without clear
cytoplasmic motifs for signal transduction. Activation of Syk can be indirect via the
interaction with adaptor proteins that contain a Syk-recruiting immunoreceptor tyrosine-
based activation motif (ITAM), or direct in case the CLR cytoplasmic tail comprises an
ITAM motif itself (Hoving et al., 2014; Sancho & Reis e Sousa, 2012). Activated Syk
can promote NF-kB, MAPK, and Ca**-NFAT (calcineurin-nuclear factor of activated
T-cells) signaling for the production of pro-inflammatory cytokines and phosphorylation
of ASC (apoptosis-associated speck-like protein containing a CARD), which is an
important adaptor protein in inflammasomal signaling (Goodridge et al., 2007; Hara et
al., 2013; Hoving et al., 2014; Sancho & Reis e Sousa, 2012). Indeed, activation of
Dectin-1 and Dectin-2 additionally triggers ROS production and potassium efflux, which
are known activators of the NLRP3 inflammasome (Kankkunen et al., 2010; Sancho &
Reis e Sousa, 2012). Inhibitory CLRs bear an immunoreceptor tyrosine-based inhibitory
motif (ITIM), which upon activation, recruits the tyrosine phosphatases SHP-1 (Src
homology 2 domain-containing protein tyrosine phosphatase 1) and SHP-2 to modulate
signaling induced by other PRRs (Hoving et al., 2014; Sancho & Reis e Sousa, 2012).
CLRs without a cytoplasmic signaling domain are mainly implicated in endocytic activity
and antigen presentation but can in some cases also have similar modulating functions as
ITIM-containing CLRs (Sancho & Reis e Sousa, 2012). However, the mechanism was
only clarified for DC-SIGN (dendritic cell-specific intercellular adhesion molecule-3-
grabbing non-integrin), which can oligomerize and activate a kinase called RAF-1
(rapidly accelerated fibrosarcoma 1) to positively modulate TLR signaling (Gringhuis et

al., 2007; Valverde et al., 2020).
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1.2.4 RIG-I-like receptors

The RLR family encompasses three known members: RIG-I (retinoic acid-inducible
gene-1), MDAS (melanoma differentiation-associated protein 5), and LGP2 (laboratory
of genetics and physiology 2). They are all described to mediate antiviral immune
responses by the recognition of viral dsSRNA in the cytosol (Hartmann, 2017). RIG-I
consists of a central DExD/H helicase domain with ATPase and helicase activity, two
N-terminal CARD effector domains, a repressor domain (RD) and a C-terminal domain
(CTD) for ligand binding (Li & Wu, 2021). In the resting state the RD interacts with one
of the CARDs to keep the protein in an autoinhibited conformation (Saito et al., 2007).
Upon RNA binding at the helicase domain and the CTD, conformational change and ATP
hydrolysis mediate activation and subsequent exposure of CARDs for oligomerization
and signal transduction (Li & Wu, 2021; Patel et al., 2013). Notably, ATP hydrolysis is
further able to displace bound self-RNA from RIG-I, which prevents unintended
activation and signaling (Lassig et al., 2015). MDAS has basically the same domain
architecture but misses the RD, whereas LGP2 does not comprise CARDs (Li & Whu,
2021). Thus, LGP2 is not able to signal itself but interacts with RIG-I or MDAS to
regulate their antiviral immune responses (Rehwinkel & Gack, 2020).

RIG-I and MDAS can recognize short and long-chain dsRNA, respectively. In detail,
RIG-I is capable of recognizing uncapped and unmethylated 5’-triphosphate or 5’-
diphosphate dsRNA (3pRNA or 2pRNA) that is typical for some viruses but mostly
capped or modified in eukaryotes (Goubau et al., 2014; Hornung et al., 2006; Lu et al.,
2010; Schmidt et al., 2009; Schuberth-Wagner et al., 2015). MDAS recognizes a specific
sequence corresponding to the L region antisense RNA of encephalomyocarditis virus
(Deddouche et al., 2014). Activated RIG-I or MDAS can bind to downstream signaling
molecules such as MAVS via homotypic CARD interactions to mediate the activation of
the transcription factors NF-kB, IRF3, and IRF7, which finally drive the expression of
pro-inflammatory cytokines and type I IFNs (Yoneyama & Fujita, 2009).

1.2.5 AIM2-like receptors

In healthy conditions, DNA is confined to the nucleus and mitochondria, whereas
cytosolic DNA is rapidly degraded by endogenous nucleases. However, during infection
or cellular damage, DNA can accumulate in the cytosol (Hopfner & Hornung, 2020).

ALRs are cytosolic receptors that recognize the presence of intracellular foreign or self-
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DNA. They comprise an N-terminal PYD domain and one or two C-terminal HIN
(acronym for hematopoietic expression, IFN-inducible nature, and nuclear localization)
domains responsible for the direct recognition of dsSDNA (Li & Wu, 2021). In contrast to
other receptors of intracellular DNA, activation of ALRs does not induce an IFN response
(Gray et al., 2016). As demonstrated for AIM2 and IF116 (IFN-y-inducible protein 16),
ligand binding liberates the autoinhibited conformation to induce oligomerization and

subsequent inflammasomal signaling via the PYD (Jin et al., 2012; Zheng et al., 2020).

1.2.6 Other PRRs

Further important PRRs that have not been classified include the Pyrin protein and cGAS
(cyclic GMP-AMP synthase). The Pyrin protein is eponymous for the PYD domain,
which is also contained at its N-terminus. The protein includes an additional basic leucine
zipper (bZIP) transcription factor domain, two overlapping nuclear localization signals
(NLS), a B-box domain, an a-helical coiled-coil domain, and a C-terminal B30.2 domain
(Schnappauf et al., 2019). As for many other PRRs, the PYD domain is implicated in
inflammasome formation (Richards et al., 2001). In contrast, the B30.2 domain was
shown to directly interact with caspase-1 and attenuate its activation (Chae et al., 2006).
The B-box and PYD domains form intramolecular interactions in an autoinhibited state,
which results in coiled-coil domain-mediated homotrimer formation of Pyrin.
Additionally, Pyrin was shown to interact with PSTPIP1 (proline serine threonine
phosphatase interacting protein 1), which might release the PYD and thus functionally
link Pyrin activation with cytoskeleton organization (Yu et al., 2007). While full-length
Pyrin is mainly located in the cytoplasm, a shorter variant lacking a domain encoded by
exon 2 can translocate to the nucleus (Papin et al., 2000). Pyrin is also a substrate of
caspase-1. The N-terminal cleavage fragment can interact with the p65 subunit of NF-xB
and promote its activation and translocation to the nucleus. This interaction is thought to
be mediated by the bZIP transcription factor domain (Chae et al., 2008). Activation of the
Pyrin inflammasome is downstream of pathogen-induced inactivation of host Rho
GTPases (Ras homolog [Rho] guanosine triphosphatases). Mechanistically, RhoA-
dependent serine/threonine-protein kinase N1 (PKN1) and PKN2 phosphorylate Pyrin,
which facilitates interaction with 14-3-3 chaperones that stabilize Pyrin in the inactive
state. Decreased phosphorylation results in release of 14-3-3 proteins and concomitant

activation of the Pyrin inflammasome (Gao et al., 2016; Park et al., 2016).
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Similar to ALRs, cGAS was identified as a sensor of cytoplasmic DNA. It comprises an
unstructured and highly basic N-terminal domain and a more globular C-terminal domain
that contains a catalytic nucleotidyltransferase (NTase) core domain and a Mab21 domain
that facilitates direct binding of dsDNA (Wu et al., 2014). Under resting conditions, cGAS
predominantly resides in the nucleus and is tightly sequestered to chromatin or associated
with the inner leaflet of the plasma membrane, which is thought to enable discrimination
between self and non-self. Its localization preference to membranes is thought to be
mediated by the N-terminal domain, which can interact with phosphatidylinositol 4,5-
bisphosphate (Barnett et al., 2019; Volkman et al., 2019). The NTase domain folds into
two structural lobes that form the active site at their interface and contain a catalytic
activation loop that becomes only suitably structured for the enzymatic reaction upon
DNA binding (Civril et al., 2013). To obtain the final catalytic active state, two cGAS
proteins need to dimerize and sandwich two DNA strands in between (Li et al., 2013; X.
Zhang et al., 2014). However, not all DNA molecules that bind to cGAS fully activate
the receptor. New insights revealed that a certain length threshold allows for the formation
of oligomeric complexes on the same DNA molecule that drive LLPS, which might have
consequences for cGAS activity (Du & Chen, 2018; Hopfner & Hornung, 2020).
Activated ¢cGAS synthesizes the second messenger cyclic GMP-AMP (¢cGAMP) from
ATP and GTP. cGAMP is sensed by STING (stimulator of IFN genes), which is a dimeric
transmembrane protein at the endoplasmic reticulum (ER). Following, STING undergoes
conformational change and translocates to the Golgi where it activates TBK1, which in
turn drives phosphorylation of IRF3 resulting in induction of type I IFN expression
(Hopfner & Hornung, 2020; Ishikawa & Barber, 2008).

Finally, the innate immune system also comprises many soluble and extracellular
pattern recognition molecules, including pentraxins, collectins, and ficolins, which bind
to pathogens and function through complement activation, opsonization, aggregation, or

modulation of cellular PRRs (Li & Wu, 2021).

1.3 The inflammasome — a multiprotein complex

The term ‘inflammasome’ was originally coined by Martinon and colleagues in 2002,
who introduced a newly discovered caspase-activating complex — the NLRPI1
inflammasome (Martinon et al., 2002). Since then, follow-up studies identified a number

of distinct inflammasomes, assembled upon recognition of PAMPs, DAMPs, or HAMPs
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by individual PRRs (see previous section). The current model of inflammasome
formation involves a two-step mechanism where each signal acts as a critical regulatory
checkpoint for activation (Figure 1-4). This is best studied for the prototypic NLRP3
inflammasome but was also basically reported for other inflammasomes, including
NLRC4 or AIM2 (Latz et al., 2013; Zheng et al., 2020). The first signal, also referred to
as ‘priming’, is provided upon activation and signal transduction of certain PRRs (such
as TLRs or NOD?2), cytokine receptors (such as TNFR or IL-1R), or other receptors that
culminate in the activation of the NF-xB and MAPK signaling pathways (Paik et al.,
2021; Swanson et al., 2019). NF-kB as a transcription factor induces transcriptional
upregulation of inflammasome components, such as pro-IL-18, pro-IL-18, pro-caspase-1,
and the sensor protein e.g., NLRP3 (Bauernfeind et al., 2009; Lee et al., 2015; McKee &
Coll, 2020). Similarly, other inflammasome sensors, such as AIM2, are transcriptionally
upregulated downstream of IFN signaling via the IFN-a/p receptor (IFNAR) (F. Liu et
al., 2017). Of note, pro-IL-18 is constitutively expressed in many cells but its expression
can be further increased and sustained by TLR signaling (Zhu & Kanneganti, 2017).
Furthermore, priming activates certain enzymes that regulate post-translational
modifications (PTMs) on inflammasome components, which enable activation and
assembly into the inflammasome complex (McKee & Coll, 2020; Song et al., 2017).
Priming was shown to be dispensable for activating the NLRP3 inflammasome in
human monocytes, which express low levels of basal NLRP3. Treatment of monocytes
with the potassium ionophore nigericin in an unprimed setting did result in robust NLRP3
inflammasome formation as well as maturation and release of constitutively expressed
IL-18. Interestingly, this observation was strictly cell dependent, as NLRP3 activation in
monocyte-derived macrophages required priming (Gritsenko et al., 2020). Another study
revealed the possibility of immediate priming of NLRP3 via IRAK-1 together with rapid
caspase-1 activation in response to specific TLR stimuli and extracellular ATP,
suggesting that both receptors can be activated simultaneously and independent from de
novo protein synthesis to mediate early host defense (Fernandes-Alnemri et al., 2013;
Fitzgerald & Kagan, 2020; Lin et al., 2014). Another exception to the two-step activation
model is the sustained stimulation of TLR4 with LPS, which drives an alternative NLRP3
inflammasome pathway that relies on TLR4-TRIF-RIPK1-FADD (Fas-associated death
domain protein)-caspase-8 signaling and leads to processing of IL-1B, which occurs
independently of ASC speck formation, pyroptosis, potassium efflux, or activation of the

purinergic P2X7 ATP-gated ion channel (Kelley et al., 2019; Swanson et al., 2019).
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Figure 1-4: Current model of canonical inflammasome formation. Inflammasome formation is a two-
step mechanism. The initial priming step (signal 1) involves the activation of certain immune receptors,
such as TLRs, TNFR, IL-1R, or NOD?2. Signal transduction culminates in the activation of the transcription
factor NF-«B and transcriptional upregulation of typical inflammasome components. Additionally, activity
of specific enzymes that mediate necessary post-translational modifications of the inflammasome receptor
is induced. Other components including AIM2 are transcriptionally upregulated upon IFN signaling via
IFNAR. The activation step (signal 2) includes the recognition of intracellular PAMPs, DAMPs, or HAMPs
and subsequent assembly of the inflammasome complex, which is here exemplified for the prototypic
NLRP3 inflammasome. Upon ligand sensing and activation, NLRP3 undergoes conformational change and
assembles into an oligomeric structure. Based on structural studies on inflammasome complexes, NLRP3
might form wheel-like structures similarly as seen for NLRC4. At this stage adapter proteins, such as NEK7,
might be required to mediate intermolecular interactions that bridge adjacent subunits, thereby stabilizing
the oligomer. The oligomeric assembly provides a nucleation seed for polymerization of ASC, which
interacts with NLRP3 via homotypic PYD interactions. The ASCPYP forms filaments surrounded by
ASCCARD byds that in turn serve as a platform for the recruitment and polymerization of pro-caspase-1.
Proximity-induced proteolytic activation results in catalytically active caspase-1, which cleaves precursors
of the pro-inflammatory cytokines IL-1f and IL-18 into their mature biologically active form. Caspase-1
also cleaves GSDMD, thereby releasing the pore forming N-terminal fragment from the autoinhibiting
C-terminus. N-GSDMD inserts into membranes where it undergoes conformational change and forms large
oligomeric transmembrane pores, which allow the passage of cytokines and preferably small cations such
as potassium and sodium ions. The GSDMD pore further allows free diffusion of water across the osmotic
gradient leading to rapid swelling of the cell and eventually membrane rupture. GSDMD-mediated
membrane pores can be repaired by the ESCRT machinery. In case of membrane rupture, cytosolic content
including pro-inflammatory cytokines and DAMPs are released from the cell and can be sensed by recipient
immune cells. This specific morphotype of caspase-1-mediated cell-death was termed pyroptosis. Figure is
modified from (Broz & Dixit, 2016; Swanson et al., 2019). PAMPs: pathogen-associated molecular pattern,
DAMPs: damage-associated molecular pattern, HAMPS: homeostasis-altering molecular processes, LPS:
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lipopolysaccharide, TNF: tumor necrosis factor, IL-1f: interleukin-1f3, IL-18: interleukin-18, IFN:
interferon, MDP: muramyl dipeptide, TLR: Toll-like receptor, TNFR: TNF receptor, IL-1R: IL-1 receptor,
IFNAR: IFN-o/f receptor, PTM: post-translational modification, NOD2: nucleotide-binding and
oligomerization domain-containing protein 2, NLRP3: NOD-like receptor containing a Pyrin domain 3,
NF-xB: nuclear factor kB, IL1B: IL-1p gene, IL18: IL-18 gene, CASP1: caspase-1 gene, AIM2: absent in
melanoma 2, PYD: Pyrin domain, NACHT: acronym for NAIP, CIITA, HET-E, and TP1, LRR: leucine-
rich repeat, CARD: caspase activation and recruitment domain, ASC: apoptosis-associated speck-like
protein containing a CARD, GSDMD: gasdermin D, N-GSDMD: N-terminal cleavage fragment of
GSDMD, H:0: water, K*: potassium ion, Na*: sodium ion, ESCRT: endosomal sorting complexes required
for transport, NEK7: NIMA-related kinase 7.

Activation of the PRR by signal two triggers a conformational switch from the inactive
to the active conformer with concomitant self-oligomerization into wheel-like structures
that recruit the adaptor protein ASC via homotypic death-fold domain interactions
(Martinon et al., 2009). Such oligomers were initially hypothesized due to the relationship
between inflammasomes and apoptosomes (Broz & Dixit, 2016; Martinon et al., 2009)
and finally confirmed for NLRs by biochemical and cryogenic (cryo)-electron
microscopy studies on purified flagellin-NAIPS-NLRC4 and PrgJ-NAIP2-NLRC4
complexes (Diebolder et al., 2015; Halff et al., 2012; Hu et al., 2015; Tenthorey et al.,
2017; Zhang et al., 2015). However, ALR family inflammasome sensors that lack the
NACHT domain might assemble in a different manner. A structural study of HIN domain-
DNA complexes proposed the sensed dsDNA itself to act as an oligomerization scaffold
in ALR inflammasome assembly (Jin et al., 2012).

ASC consists of two death-fold domains: PYD-CARD. Upon nucleation at PRR
oligomers, polymerization of ASCPYP into filaments and cross-linking of these filaments
by homotypic ASC®ARD interactions results in the formation of a large perinuclear
structure termed the ASC speck. This micrometer-sized structure is a hallmark of
inflammasome formation and acts as a platform for the recruitment and proximity-
induced autoprocessing of caspase-1 (Broz & Dixit, 2016; Dick et al., 2016). Importantly,
a recent cryo-EM tomography study of the physiological ASC speck confirmed these
observations and provided additional insights of the structural organization and potential
dynamics within the ASC network (Liu et al., 2021). Interestingly, CARD-containing
receptors (such as NAIP/NLRC4, NLRP1) can also directly recruit and activate caspase-1
in the absence of ASC, but presence of ASC increases the processing of the pro-
inflammatory cytokine IL-1B by presumably providing a vast number of caspase-1
activation sites (Broz & Dixit, 2016; Dick et al., 2016). Recently, also caspase-8 was
found to bind to ASC via FADD, which mediates apoptosis (Zheng et al., 2020).
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Caspases are a family of cysteine proteases that are central players in inflammation and
apoptosis. In humans, inflammatory caspases include caspase-1, caspase-4, caspase-5,
and caspase-12. They consist of an N-terminal CARD domain and a C-terminal protease
effector domain, which is formed by a large and a small subunit. During resting state,
caspase-1 exists as an inactive zymogen in the cytosol of the cell but after dimerization
and proteolytic activation it cleaves the pro-inflammatory cytokines IL-1f3 and IL-18 into
their mature biologically active form (Man & Kanneganti, 2016; Schroder & Tschopp,
2010). In detail, dimers of full-length caspase-1 (p46) and a transient species produced
by autolytic cleavage (p33/pl10 heterotetramer) represent the active forms at the
inflammasome. Further processing into the p20/p10 heterotetramer removes the CARD
domain from the p33 fragment and results in dissociation from the inflammasome.
Protease activity is subsequently terminated due to intrinsic instability of the p20/p10
heterotetramer thus self-limiting the duration of caspase-1 activity (Boucher et al., 2018).

Caspase-1 can also cleave gasdermin D (GSDMD), which comprises a cytotoxic
N-terminal domain and an autoinhibitory C-terminal domain similar to other gasdermin
family members (Broz et al., 2020). Cleavage of GSDMD by caspase-1 releases the
N-terminal fragment, which in turn inserts into membranes and undergoes conformational
change to subsequently form large oligomeric transmembrane pores of 10-20 nanometer
(nm) diameter that ultimately drive pyroptosis and the release of pro-inflammatory
cytokines (Burdette et al., 2021; He et al., 2015; X. Liu et al., 2016; Shi et al., 2015; Xia
et al., 2021). As a consequence of plasma membrane permeabilization, ions and water
can diffuse freely across the cellular osmotic gradient and cause a rapid swelling of the
cell that finally results in membrane rupture and release of the cytosolic content
(Jorgensen & Miao, 2015). While cell-death related membrane rupture was thought to be
a rather passive event, a recent study suggests that the process relies on disruption of the
phospholipid bilayer following oligomerization of the transmembrane protein Ninjurin 1
(Kayagaki et al., 2021). However, the exact mechanism remains to be elucidated.
Interestingly, inflammasome complexes released from pyroptotic cells can themselves act
as DAMPs and are phagocytosed by nearby macrophages. In the recipient cell they induce
lysosomal damage, exit the phagolysosome, recruit the cytosolic ASC from the recipient
cell, and propagate the inflammatory response (Baroja-Mazo et al., 2014; Franklin et al.,
2014). Additionally, extracellular ATP is well known to stimulate potassium efflux via
the P2X7 receptor, which activates NLRP3 (Munoz-Planillo et al., 2013; Schroder &
Tschopp, 2010). Noteworthy, GSDMD-mediated membrane pores can be repaired by the
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ESCRT (endosomal sorting complexes required for transport) machinery, which is
recruited to the site of membrane damage by calcium ion (Ca?") influx through GSDMD
pores (Ruhl et al., 2018). In this context, it was found that macrophages can release IL-1f3
while maintaining viability — a condition termed hyperactivation (Evavold et al., 2018).
Two independent studies demonstrated that GSDMD pores were required for the release
of IL-1p and IL-18 across the intact plasma membrane (Evavold et al., 2018; Heilig et al.,
2018). While Heilig and colleagues proposed that the GSDMD pore is large enough to
facilitate passive release of small cytosolic proteins, a more recent structural study of the
GSDMD pore revealed that the pore conduit is predominantly negatively charged (Xia et
al., 2021). This study demonstrated that secretion of mature cytokines is preferred over
their respective precursors that still contain the acidic pro-domain. Thus, GSDMD pores

might only license the secretion of cargo with a specific size and charge.

1.3.1 Non-canonical inflammasome formation
The term ‘non-canonical inflammasome’ describes a TLR4-independent signaling
pathway that indirectly activates the NLRP3 inflammasome upon recognition of
cytoplasmic LPS (Kelley et al., 2019; Swanson et al., 2019). Human caspase-4 and
caspase-5 or murine caspase-11 are able to act as cytoplasmic PRRs that directly bind to
and thereby recognize pentacylated or hexacylated LPS (Baker et al., 2015; Hagar et al.,
2013; Shi et al., 2014). Because human cells constitutively express high levels of
caspase-4, priming is dispensable for this pathway. In contrast, murine caspase-11 is
expressed at low basal level. Thus, priming enhances the inflammatory response by
transcriptional upregulation (Kelley et al., 2019). Upon LPS binding, caspase-11 was
shown to oligomerize and become activated by auto-proteolytic cleavage (B. L. Lee et
al., 2018). Subsequently, activated human caspase-4 and caspase-5 or murine caspase-11
cleave GSDMD, resulting in pore formation (Kayagaki et al., 2015; Shi et al., 2015).
Murine caspase-11 was also shown to cleave pannexin-1, which is essential for non-
canonical inflammasome formation in mice. Pannexin-1 releases ATP from the cell,
which is subsequently recognized by the P2X7 receptor (Pelegrin & Surprenant, 2006;
Yang et al., 2015). It is not yet clear whether these events are also important for the
formation of non-canonical inflammasomes in humans. However, P2X7 activation leads
to potassium efflux and the recruitment of NLRP3 via Paxillin, culminating in

inflammasome formation and the secretion of IL-1p (Wang, Hu, Feng, et al., 2020).
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1.3.2 Post-translational regulation of inflammasome components

Aberrant inflammasome formation is known to drive the pathogenesis of many
inflammatory disorders (Kim et al., 2016; Y. Li et al., 2021). For that reason,
inflammasome formation is precisely regulated not only by transcriptional priming but
also by several post-translational mechanisms some of which shall be described in this
section. Regulation of the NLRP3 inflammasome is the best studied and thus prototypical
example (Kelley et al., 2019; McKee & Coll, 2020; Paik et al., 2021; Swanson et al.,
2019; Yang et al., 2017). Therefore, this section is mainly focused on NLRP3.

One of the key post-translational modifications (PTMs) is ubiquitination. Ubiquitin
contains seven lysine residues that can themselves be ubiquitinated, thereby forming
ubiquitin chains. Depending on the position of the linkage, ubiquitin chains can have
different effects. As an example, Lys48-linked ubiquitin chains target proteins to the
proteasome for degradation, whereas Lys63-linked ubiquitin chains have non-degradative
roles in regulation (Swatek & Komander, 2016). Upon LPS stimulation, ABRO1
(Abraxas brother 1) binds to NLRP3 and recruits the deubiquitinating enzyme (DUB)
BRCC36 (BRCA2 containing complex subunit 36; BRCC3 in rodents), which removes
Lys63-linked ubiquitin from the NLRP3 LRR to allow its oligomerization (Py et al.,
2013; Ren et al., 2019). Interestingly, BRCC3 was found to be blocked by vitamin D
receptor (VDR) activation (Rao et al., 2019). Additionally, STING was found to recruit
NLRP3 to the ER, where it activates NLRP3 by attenuating Lys48- and Lys63-linked
polyubiquitination during Herpes simplex virus type 1 (HSV-1) infections (Wang, Hu,
Wu, et al., 2020). Furthermore, USP7 (ubiquitin-specific peptidase 7) and USP47 were
shown to function as DUBs in response to NLRP3 activation signals (Palazon-Riquelme
et al.,, 2018). In contrast, FBXL2 (F-box/LRR-repeat protein 2), ARIH2 (Ariadne
homolog 2), and TRIM31 (tripartite motif containing protein 31) facilitate proteasomal
degradation by ubiquitinating NLRP3 (Han et al., 2015; Kawashima et al., 2017; Song et
al., 2016). Upon LPS stimulation, FBXO3 (F-box only protein 3) mediates the
degradation of FBXL2, thereby inhibiting NLRP3 ubiquitination (Han et al., 2015).
However, LPS stimulation upregulates the expression of TRIM31, suggesting a negative
feedback mechanism for inflammasome activation (McKee & Coll, 2020; Song et al.,
2016). Another way of NLRP3 degradation is the sequential ubiquitination by the RING
finger protein 125 (RNF125) and Cbl-b (Casitas B-lineage lymphoma b). First, RNF125
modifies the NLRP3 LRR with Lys63-linked polyubiquitin, which in turn recruits Cbl-b
that mediates modification of Lys496 in NLRP3 with Lys48-linked ubiquitin chains, thus
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promoting proteasomal degradation (Tang et al., 2020). The NLRP3 LRR is further
targeted for Lys48-linked ubiquitination by the membrane-associated RING finger
protein 7 (MARCH7), which mediates degradation of NLRP3 via autophagy in response
to DRD1 (dopamine D1 receptor) activation (Yan et al., 2015). Two additional E3
ubiquitin ligases that modify NLRP3 are Cullin-1 (Cull) and Pellino2 (PELI2). In resting
cells, Cull ubiquitinates NLRP3 at Lys689, thereby inhibiting inflammasome formation
in a non-degradative manner. After LPS stimulation, Cull dissociates from NLRP3 to
allow inflammasome formation (Wan et al., 2019). PELI2 licenses NLRP3 activation by
inducing Lys63-linked ubiquitination during LPS priming (Humphries et al., 2018).

Ubiquitination is also important for regulating ASC, caspase-1, and pro-IL-1f.
Removal of Lys63-linked ubiquitin chains by USP50 (ubiquitin specific peptidase 50) is
important for ASC activity (Lee et al., 2017). In contrast, ubiquitination of ASC via
TRAF3 and LUBAC (linear ubiquitination assembly complex) are pivotal for
inflammasome assembly (Guan et al., 2015; Rodgers et al., 2014). LUBAC can also
ubiquitinate the CARD of caspase-1, which inhibits activation (Douglas & Saleh, 2020).
On the other hand, LPS stimulation can induce Lys63-linked polyubiquitination of
caspase-1 by cIAP1 (cellular inhibitor of apoptosis protein 1) and cIAP2, which is
prerequisite for its activity (Labbe et al., 2011). Additionally, the zinc finger protein A20
regulates ubiquitination of pro-IL-13, which is an essential event enabling its proteolytic
processing (Duong et al., 2015).

Similar with ubiquitination, modification of NLRP3 with the small ubiquitin-like
modifier (SUMOQ) regulates its activity. Sumoylation via MAPL (mitochondrial-
anchored protein ligase) inhibits inflammasome formation, whereas desumoylation by
SENP6 (SUMO-specific protease 6) and SENP7 allows NLRP3 activation (Barry et al.,
2018). In contrast, sumoylation of Lys204 in NLRP3 by SUMO1 (small ubiquitin-related
modifier 1) was found to be essential for NLRP3 activation, which can be attenuated by
SENP3 (Shao et al., 2020).

Phosphorylation is another key PTM that regulates the activity of inflammasome
components. Phosphorylation of NLRP3 at Ser5 prevents NLRP3YP-mediated
polymerization. Thus, dephosphorylation by PP2A (protein phosphatase 2A) is an
important event to allow inflammasome assembly after activating signals (Stutz et al.,
2017). Interestingly, PP2A activity is inhibited by BTK (Bruton’s tyrosine kinase), which
binds to NLRP3 following priming and dissociates after activation (Mao et al., 2020). In
contrast, phosphorylation of Ser198 in NLRP3 by JNKI1 (c-Jun N-terminal kinase 1) is
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an essential priming event that enables deubiquitination by BRCC36 (Song et al., 2017).
Additionally, LPS priming and presence of NLRP3 activating signals trigger NLRP3
phosphorylation at Ser295 via PKD (protein kinase D) at the Golgi membrane. Indeed,
spatial separation of inflammasome components into different cellular compartments
provides an additional level of regulation. Upon activation, NLRP3 can oligomerize and
associate with mitochondria-associated ER membranes (MAM:s), which localize close to
Golgi membranes. Following, the concentration of diacylglycerol (DAG) at the Golgi
increases, recruiting PKD to phosphorylate NLRP3 and releasing it from the membrane
for subsequent inflammasome formation (Zhang et al., 2017). At the same time, PKA can
also phosphorylate Ser295 in NLRP3, which in this case inhibits NLRP3 ATPase activity
and oligomerization (Mortimer et al., 2016). How phosphorylation of the same residue
can have opposing effects is not yet understood (Swanson et al., 2019). In addition, the
NLRP3 LRR domain can be phosphorylated at Ser803 by CSNK 1K1 (casein kinase Ial)
upon priming and later dephosphorylated upon activation. Phosphorylation at Ser803 is
known to regulate the interaction with NEK7 and deubiquitination by BRCC3 (Niu et al.,
2021). NLRP3 can also be phosphorylated at Tyr32 in the PYD and its dephosphorylation
by PTEN (phosphatase and tensin homolog) is necessary for inflammasome formation
(Huang et al., 2020). Similarly, phosphorylation of Tyr132 in murine NLRP3 by EphA2
(ephrin type-A receptor 2) inhibits inflammasome assembly (Zhang et al., 2020).
Phosphorylation of Tyr861 mediates degradation of NLRP3 via autophagy and PTPN22
(protein tyrosine phosphatase non-receptor type 22) is essential for its dephosphorylation
following activating stimuli (Spalinger et al., 2016; Spalinger et al., 2017). Of note, NEK7
kinase function is dispensable for NLRP3 activation (He et al., 2016).

Again, phosphorylation is also important for the regulation of other inflammasome
components. The IkB kinase (IKK) complex can regulate the localization of ASC.
Phosphorylation of Ser16 and Ser193 by IKKa prevents translocation from the nucleus,
whereas phosphorylation at Ser58 by IKKi (IKK-related kinase) promotes localization to
the perinuclear region, where ASC speck formation can be induced after LPS stimulation
(Martin et al., 2014). Additionally, ASC must be phosphorylated at multiple tyrosine
residues to enable speck formation and interaction with caspase-1. Syk is involved in the
phosphorylation of ASC at Tyr146. Mechanistically, Syk phosphorylates Pyk2 (proline-
rich tyrosine kinase 2) in response to inflammasome activating signals and Pyk2
subsequently phosphorylates ASC (Chung et al., 2016; Hara et al., 2013; McAndrew et
al., 2018). In contrast, dephosphorylation of ASC at Tyr60 and Tyr137 by protein tyrosine
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phosphatases (PTPases) is as well required for speck formation (Mambwe et al., 2019).
Upon LPS stimulation, PAK1 (PI-3K/Racl/p21-activated kinase 1) phosphorylates
caspase-1 at residue Ser376, which promotes its activation (Basak et al., 2005).
Interestingly, phosphorylation of NEK7 at Ser204 by PLK4 (polo-like kinase 4) was
shown to suppress interaction with NLRP3 (Yang et al., 2020).

NLRP3 activation is also regulated by acetylation of residues Lys21 and Lys22, which
is mediated by KATS5 (lysine acetyltransferase 5) and can be removed by the deacetylase
sirtuin 2 (SIRT2) (He et al., 2020; McKee & Coll, 2020). Other important but less
characterized PTMs that regulate inflammasome components include S-nitrosylation,
alkylation, ADP-ribosylation, and deglutathionylation (McKee & Coll, 2020).

Noteworthy, inflammasomes are also regulated by a set of proteins. Hsp90 (heat shock
protein 90) protects NLRP3 from degradation via the proteasome and autophagy (Mayor
et al., 2007; Piippo et al., 2018). NEK?7 is not only implicated in NLRP3 inflammasome
formation but also in mitosis and thus coordinates both events to be mutually exclusive
because a limiting amount of cellular NEK7 does not allow both events to occur at the
same time (H. Shi et al., 2016). Additionally, a number of PYD-only proteins (POPs) and
CARD-only proteins (COPs) act as cytoplasmic decoy proteins that interact with PYDs
and CARDs of inflammasome components, thus blocking homotypic interactions
essential for functional inflammasome assembly (Indramohan et al., 2018; McKee &
Coll, 2020). This is indeed reminiscent of some actin-binding proteins that regulate the
formation of the actin filament (Lee & Dominguez, 2010). Interestingly, POPs and COPs
are not expressed in rodents, indicating a more complex regulation of inflammasomes in

humans (McKee & Coll, 2020; Swanson et al., 2019).

1.3.3 Release of pro-inflammatory cytokines — What’s next?

The IL-1 cytokine family encompasses 11 members from which some are known to
function as pro-inflammatory signaling molecules (e.g., IL-1p, IL-18), whereas others are
known receptor antagonists (e.g., IL-1RA) or anti-inflammatory mediators (e.g., [L-37)
(Dinarello, 2018). While most cytokines (e.g., TNF, IL-10) comprise a signal sequence
that targets them to ER/Golgi-dependent secretory pathways, some of them act differently
(Monteleone et al., 2015). In addition to IL-1p and IL-18, IL.-37 is activated by caspase-1,
leading to its nuclear translocation and transcriptional suppression of pro-inflammatory

mediators (Bulau et al., 2014; Nold et al., 2010), which might likely represent a negative
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feedback loop in response to inflammasome activation. IL-1p and IL-18 are so called
leaderless secretory signaling molecules, which means that they lack the signal sequence
for the ER/Golgi route and are released via unconventional mechanisms (Monteleone et
al., 2015). In recent years, three different mechanisms have been proposed, including
inflammasome-dependent and independent pathways (Monteleone et al., 2018). As
described before, mature IL-1B and IL-18 can be released via GSDMD pores or upon
membrane rupture downstream of inflammasome formation (Cullen et al., 2015; Evavold
et al., 2018). Interestingly, GSDMD and mature IL-1p (but not its inactive precursor)
were shown to be recruited to membrane ruffles enriched in phosphatidylinositol
phosphates, thus enabling rapid secretion (Ding et al., 2016; X. Liu et al., 2016;
Monteleone et al., 2018). In contrast, slow secretion of IL-13 was revealed to be in fact
dependent on caspase-1 but independent from GSDMD pores and membrane
permeabilization. Instead, EEA1 (endosome autoantigen 1), which is also a target of
caspase-1, was found to be implicated in a pyroptosis-independent vesicular secretion
pathway (Baroja-Mazo et al., 2019; Semino et al., 2018). If also IL-18 can follow this
route for its secretion is currently unknown.

The family of IL-1 receptors contains 10 members, which are all integral membrane
proteins that share a similar domain architecture. They comprise extracellular
immunoglobulin (Ig)-like domains for the binding of cytokines and a cytosolic TIR
domain for signaling (Garlanda et al., 2013). After secretion, IL-1p binds to IL-1R1 and
induces a conformational change that allows interaction with IL-1R3. Similar with TLR
signaling, heterodimer formation leads to approximation of the TIR domains and signal
transduction via the MyD88 adapter, which culminates in NF-kB activation (Dinarello,
2018). As a consequence, the production of several inflammatory mediators is induced.
Transcriptional upregulation of COX-2 (cyclooxygenase type 2), PLA2 (phospholipase
A2), and iNOS (inducible nitric oxide synthase) leads to the production of prostaglandin-
E2 (PGE2), platelet activating factor, and nitric oxide (NO), which are classical mediators
of fever, lowered pain threshold, vasodilation, and hypotension. Additionally, IL-1
increases the expression of cell adhesion molecules, chemokines, and cytokines that
collectively recruit tissue-infiltrating immune cells to the site of damage or infection and
amplify the synthesis of acute-phase proteins via IL-6 in the liver (Dinarello, 2009;
Garlanda et al., 2013; Rider et al., 2011). Importantly, cytokines that are transcriptionally
upregulated by IL-1p include IL-1p itself, which results in more persistent upregulation

as if compared with stimulation by microbial ligands (Dinarello, 2018). Interestingly,
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IL-1pB signaling can be antagonized by soluble IL-1R3 or the decoy receptor IL-1R2,
which lacks the cytoplasmic signaling domain and exists as both a soluble or an integral
membrane protein (Dinarello, 2018). In addition, not all cells constitutively express both
components of the IL-1 receptor, thus signaling can be regulated transcriptionally
(Dinarello et al., 2013).

In many aspects IL-18 functions similar to IL-1P and signaling accounts for the same
downstream effects. After secretion, IL-18 binds to its receptor IL-R5, which forms a
heterodimer with IL-R7. Interestingly, the affinity towards IL-RS5 is low but significantly
increased in the presence of IL-R7. Again, approximation leads to signaling via the
adapter MyD88 and nearly the same downstream effects as described for IL-183
(Dinarello, 2018; Dinarello et al., 2013). However, there are also differences. First, IL-18
precursor is constitutively expressed in macrophages and dendritic cells but also
endothelial cells, keratinocytes, and intestinal epithelial cells, whereas IL-1f is mainly
expressed upon stimulation in myeloid cells (Dinarello, 2018; Mantovani et al., 2019).
Second, much higher concentrations of IL-18 are needed for the formation of a functional
signaling complex as if compared with IL-1f (Dinarello et al., 2013). Third, IL-18 fails
to induce fever because levels of COX-2 are not upregulated, suggesting that IL-18
primarily activates the MAPK signaling pathway instead of NF-kB (Lee et al., 2004).
Fourth, IL-18 can act in concert with either IL-12 or IL-15 (which upregulate IL-R7) to
induce the production of IFNy in T helper (Th) and natural killer (NK) cells (Dinarello et
al., 2013; Novick et al., 2013). However, in the absence of IL-12 but presence of IL-2 or
IL-3, IL-18 also facilitates stimulation of NK, NKT, and Thl cells or mast cells and
basophils, respectively to produce diverse sets of cytokines (Nakanishi, 2018). Similar
with IL-1, signaling can be transcriptionally regulated because not all cells constitutively
express IL-1R7, or antagonized with secretion of the decoy receptor IL-18BP (IL-18
binding protein) that comprises a single IgG domain for the binding of IL-18 but no
cytoplasmic tail for signaling (Dinarello, 2018; Dinarello et al., 2013).

In conclusion, both IL-1f and IL-18 regulate a number of important immune processes
that are generally host-protective during damage or infection but detrimental when
dysregulated. IL-1 responses are implicated in contributing to the pathology of several
hereditary autoinflammatory and acquired chronic inflammatory diseases, including
cryopyrin-associated periodic syndromes (CAPS), familial Mediterranean fever (FMF),
TNF receptor-associated periodic syndrome (TRAPS), rheumatoid arthritis,
osteoarthritis, gout, and type 2 diabetes (Chan & Schroder, 2020).
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1.3.4 Structural aspects of inflammasome assembly

Assembly of inflammasomes as supramolecular complexes critically relies on events of
homotypic and heterotypic interactions between PYDs or CARDs of the individual
inflammasome components (Broz & Dixit, 2016; Malik & Kanneganti, 2017). During the
last years, biochemical and structural studies helped to deepen our molecular
understanding of their assembly and identified unified mechanisms of nucleated
polymerization, explaining the observed ‘all or none’ response kinetics (Cheng et al.,
2010; Lu & Wu, 2015). Similar with death domains (DDs), PYDs and CARDs can
assemble into filaments via three conserved asymmetric interfaces (type I, 11, and III) that
form respective intra- and interstrand interactions between subunits (Ferrao & Wu, 2012;
Kersse et al., 2011; Lu et al., 2014) (Figure 1-5). However, subunits of PYD or CARD
filaments show significant differences in their relative orientation when compared with

their DD filament counterparts (Lu et al., 2014).

PYD-containing NLRP6PY? (6NCV) AIM2°Y® (6MB2)
inflammasome platforms

NLRP3°"® (7PZD) ASCPY® (3J63)

helical
axis

NLRP 1¢ARP (6XKK) Caspase-1°AR0 (BFNA)

CARD-containing — — inflammasome adaptor
inflammasome platforms NLRC4R° (6MKS) ASCR? (BN1H) and effector components

Figure 1-5: PYD and CARD filaments formed by inflammasome components. Inflammasome
formation and inherent signal transduction relies on nucleated polymerization mechanisms of PYDs and
CARD:s. These domains are contained in each inflammasome component, which can be categorized into
PYD-containing inflammasome platforms, CARD-containing inflammasome platforms, inflammasome
adaptors, and effector components. PYD filaments commonly assemble with three-start helical symmetry
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and right-handed rotation, whereas CARD filaments typically possess one-start helical symmetry and left-
handed rotation. Independent from these different helical parameters, filament assembly is mediated by
conserved type I, II, and III asymmetric interfaces. The type I interface is established between two subunits
that form intrastrand interactions (blue and green). Type II and III interactions occur between subunits of
different strands (type II: green and magenta; type III: blue and magenta). The code in brackets represents
the PDB identifier of the respective filament structure. NLRP: NOD-like receptor containing a Pyrin
domain, PYD: Pyrin domain, AIM2: absent in melanoma 2, CARD: caspase activation and recruitment
domain, ASC: apoptosis-associated speck-like protein containing a CARD, NLRC: NOD-like receptor
containing a CARD.

PYDs of NLRP3, NLRP6, AIM2, and ASC commonly polymerize with three-start helical
symmetry of ~54.8° right-handed rotation and an axial rise of ~14 A per subunit, whereas
CARDs of NLRP1, NLRC4, ASC, and caspase-1 commonly assemble into filaments with
one-start helical symmetry of approximately -100.5° left-handed rotation and ~5.1 A axial
rise per subunit (Gong et al., 2021; Hochheiser, Behrmann, et al., 2022; Li et al., 2018;
Luetal., 2016; Lu et al., 2014; Matyszewski et al., 2018; Matyszewski et al., 2021; Shen
et al., 2019). An exception to this was the finding that the AIM2PYP assembles into a
filament with one-start helical symmetry of 138.9° right-handed rotation and an axial rise
of 6 A per subunit when a GFP (green fluorescent protein) tag was introduced at the
N-terminus (Lu et al., 2015). This completely different filament architecture was
proposed to be induced due to steric restraints caused by the tag. Interestingly, filament
assembly was still mediated by type I interactions forming intrastrand contacts, and type
IT and type III interactions forming interstrand contacts, suggesting plasticity in filament
assembly and tolerance to different helical parameters. This is supported by the fact that
tagged AIM2PYD or NLRP6PYP can still induce ASCPYP polymerization (Lu et al., 2015).

Indeed, one key finding made by different studies was the capability of PYD and
CARD filaments to mediate signal transduction by nucleating polymerization of PYDs or
CARDs from other inflammasome components. This heterotypic transition appears along
the helical trajectory of the nucleating filament and is mediated by the same asymmetric
interfaces that also facilitate homotypic interactions, thus providing a structural template
for ensuing polymerization (Lu et al., 2014; Lu & Wu, 2015). Using a fluorescence
polarization assay and negative stain EM, Lu and colleagues showed that sub-
stoichiometric amounts of recombinant AIM2 or NLRP3 nucleate unidirectional
formation of ASCFYP filaments through PYD-PYD interactions. Indeed, site-directed
mutagenesis of selected residues in AIM2PYP and NLRP3PYP reduced or impaired their

CPYD

ability to promote AS polymerization. In addition, presence of oligomerized

CARD

ASCEARD wag found to promote the polymerization of caspase-1 into filaments,
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suggesting a unified mechanism of nucleated polymerization (Lu et al., 2014). Later, Li
and colleagues showed that not only ASCARP but also NLRC4CARD jg able to nucleate
caspase-1 polymerization and that the transition is again disrupted when asymmetric
interfaces are mutated (Li et al., 2018). Importantly, NLRC4“ARP can also engage
ASCEARD and seed its polymerization (Gong et al., 2021; Man et al., 2014). In terms of
signal amplification, this is advantageous because in this way one NLRC4 oligomer can
seed not only one filament of caspase-1 but ASC, which can subsequently crosslink with
other filaments to form a platform with multiple caspase-1 nucleation sites.
Mechanistically, self-polymerization can occur in a bidirectional manner, whereas the
transition from one filament to another is unidirectional (Hochheiser, Behrmann, et al.,
2022; Lu et al., 2014; Matyszewski et al., 2021). This is because the type II interface is
critically involved in the recognition of the engaged inflammasome component
(Matyszewski et al., 2021). In line, a specific motif on the type IIb surface of NLRP1¢ARD

was found to be responsible for its preferential interaction with ASCCARD

and why it
disfavors caspase-1“ARP interactions (Gong et al., 2021).

In late 2015, Zhang and colleagues determined the cryo-EM structure of an activated
murine NAIP2/NLRC4 complex that revealed how this polymerization cascade might be
regulated. They found that a single activated NAIP2 molecule initiates a domino-like
activation and directional oligomerization of several NLRC4ACARD molecules into
mostly 11-bladed wheel-like structures (Zhang et al., 2015). The intermolecular
interactions in the oligomer were accompanied by electrostatic interactions between large
surface patches in the NLRC4 NACHT domain, which formed the inner ring, and small
patches at the LRR domain forming the outer ring. In context of full-length NLRC4, it
was hypothesized that a CARD filament might assemble within the central hole formed
by the ~11 subunits (Zhang et al., 2015). This is supported by cryo-EM tomography and
negative stain EM studies, which found that activated full-length NAIPS/NLRC4 and full-
length NLRP6 assemble along a helical axis, respectively (Diebolder et al., 2015; Shen et
al., 2019). Additionally, the NACHT domain of NLRP6 was found to synergize with the
PYD and amplify its polymerization at lower concentrations (Shen et al., 2019). Finally,
a structural study of the NLRC4“ARP filament showed that the dimensions correspond
well to the central hole of the wheel-like structure of NLRC4ACARD and the NLRC4
tomography map (Li et al., 2018). Since then, the model of active NLRC4 was established
as a prototypic example on how activated inflammasome sensors regulate and arrange

their respective effector domains (PYD, CARD) to initiate the polymerization cascade.
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1.4 The NOD domain and STAND ATPases

The NOD module is eponymous for the family of NOD-like receptors (Inohara & Nunez,
2001) and a hallmark typifying the class of signal transduction ATPases with numerous
domains (STAND), which has first been recognized by Leipe and co-workers in 2004
(Danot et al., 2009; Leipe et al., 2004). Besides inflammasomal sensors in humans, the
class includes a number of signaling and transcription regulatory proteins from all
kingdoms of life (Leipe et al., 2004; Sandall et al., 2020). Prominent examples are
bacterial transcription regulators, regulatory proteins involved in apoptosis in e.g.,
nematodes, and the NLR family plant-resistance (R) proteins (Danot et al., 2009).
STAND class members are capable of these diverse functions by modular extension of
their NOD module with strictly C-terminal sensor domains that specifically recognize an
inducer and various effector domains that can be tethered to either the N- or C-terminus
for signal transduction (Danot et al., 2009). The bulky sensor domain is often separated
from the NOD module by a structural spacer or arm element that was later termed HD2
(Danot et al., 2009). The NOD module consists of the NBD, HD1, and the regulatory
WHD. The NBD-HDI1 architecture is derived from the highly related ATPase core
module of the family of ATPases associated with diverse cellular activities (AAA+
family, Figure 1-6a) (Danot et al., 2009; Erzberger & Berger, 2006; Leipe et al., 2004).
Indeed, it has been proposed that STAND ATPases evolved from a structurally related
member of an AAA+ subclade containing a C-terminal WHD with non-regulatory but
sensory function (Danot et al., 2009). Hence, others have even classified STANDs as part
of the AAA+ superfamily (MacDonald et al., 2013; Sandall et al., 2020).

a NOD C \NBD
NBD HD1 WHD HD2 sensor effector
[ I ]
effector L1 L1
| | | | ]
I - —
—AAA+ core—
b SF1/SF2 PSll-insert H2-insert

HCLR

PilT Classic

Initiators

FtsK Loaders

Figure 1-6: The class of STAND ATPases. (a) The different possible domain architectures of signal
transduction ATPases with numerous domains (STANDs) are shown. The typifying hallmark of the class
is the nucleotide-binding oligomerization domain (NOD) module, which is composed of the AAA+
(ATPases associated with diverse cellular activities) core module and the regulatory winged helix domain
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(WHD). The AAA+ core is composed of the nucleotide binding domain (NBD) and helical domain 1
(HD1). The NOD module can be extended by a strictly C-terminal sensor domain and an effector domain
that can be tethered either at the N- or C-terminus. The bulky sensor domain is separated from the NOD
module by a structural spacer, termed helical domain 2 (HD2). Figure is adapted from (Danot et al., 2009).
(b) Schematic representation of main ASCE (additional strand, conserved glutamate) subgroups. Branches
are according to defining structural elements. Figure is adapted from (Erzberger & Berger, 2006). (c)
Topology map of the NOD module. Helices are depicted as tubes and p-strands are depicted as arrows. The
amino (N)- and carboxy (C)-termini are marked. Conserved features are highlighted and include the
hhGREXE motif, arginine finger (R-F), Walker A (A), Walker B (B), sensor I (S-I), glutamate switch (E-
S), GxP motif, and the conserved histidine (H) in the WHD. The letters h and x denote a hydrophobic and
any amino acid, respectively. The initiator-specific motif (ISM) is specific for the STAND class and the
AAA+ initiator clade. Figure according to (Danot et al., 2009).

The AAA+ core module is composed of a classical NBD and a C-terminal helical lid
domain, which is the HD1 in STANDs. The NBD forms a typical five-stranded o-p-a.
Rossmann-like fold and is characterized by a 5-1-4-3-2 order of the central parallel -
sheet. Implemented at the tip of B1 and B3, the well conserved Walker A (P-loop) and
Walker B motifs are crucially involved in nucleotide binding and hydrolysis by
coordinating the - and y-phosphates of ATP and the catalyzing magnesium ion (Wendler
et al., 2012). In AAA+ proteins and STANDs the Walker A and B motifs are separated
by an additional strand (B4) in the core sheet and thus both classes belong to the ASCE
(additional strand, catalytic E) division of P-loop NTPases (Figure 1-6b), which among
others also contains the ABC (ATP binding cassette) transporters and the family of KAP
(acronym for Kidins220/ARMS and PifA) NTPases (Erzberger & Berger, 2006; Leipe et
al., 2004; Wendler et al., 2012). The tip of B4 typically contains a polar residue that
participates in hydrolysis and is the so-called ‘sensor I’ motif (Wendler et al., 2012). Other
important motifs are the ‘glutamate switch’, the ‘arginine finger’ and the ‘sensor II” motif.
The glutamate switch motif is typically represented by a conserved asparagine on 2 that
interacts with the conserved glutamate in the Walker B motif when the protein is in the
inactive and ATP bound state. This interaction is released upon ligand binding, thereby
regulating hydrolysis activity (Wendler et al., 2012; Zhang & Wigley, 2008). Upon
activation, AAA+ ATPases can oligomerize into mostly ring-shaped hexameric structures
with the nucleotide bound at the interface between two subunits (Danot et al., 2009;
Jessop et al., 2021). The arginine finger motif located at the end of helix a4 interacts in
trans with the y-phosphate of the nucleotide bound in a neighboring subunit (Jessop et
al., 2021; Ogura et al., 2004; Wendler et al., 2012). This resembles the hydrolysis
mechanism of small guanosine triphosphatases (GTPases) involving the GTPase
activating protein (GAP), which provides an arginine that interacts with the bound

nucleotide to stabilize the transition state during GTP hydrolysis, thereby significantly
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enhancing GTPase activity (Scheffzek et al., 1997). Another well-conserved arginine that
interacts with the nucleotide is the sensor II motif that is located in the C-terminal lid
domain of AAA+ ATPases. Notably, not all members of the AAA+ superfamily present
with the sensor I, sensor II, and arginine finger motifs (Wendler et al., 2012).

Similarly, the NOD module of most STAND proteins is not equipped with an arginine
finger or the sensor II motif (Danot et al., 2009). However, STAND ATPases share other
distinctive features, such as a special Walker B motif that varies in the position of the
catalytic acidic residue (depending on the clade), an adenine moiety-interacting
hhGREXE sequence (the letter ‘h’ denotes for a hydrophobic and ‘x” for any amino acid)
located upstream of the Walker A motif, a GxP motif at the end of HD1, and a conserved
histidine in the regulatory WHD domain (Figure 1-6¢). Importantly, the conserved
histidine interacts with the B-phosphate of the bound nucleotide, which leads to an
autoinhibition mechanism where the WHD folds back towards the NBD to bury the
nucleotide and render it unexchangeable. In combination with the specific architecture of
the STAND ATPase module this allows for its regulation by the ‘STAND binary switch’
mechanism (Danot et al., 2009).

1.4.1 The STAND binary switch mechanism

The emerging picture from comprehensive structural studies is that STANDs function as
molecular switches with the ‘off” state being a long-lived ADP-bound and monomeric
resting form, whereas the ‘on’ position corresponds to a deoxyadenosine triphosphate
(dATP) or ATP-bound conformer, competent to assemble into wheel-like structures that
bring together the effector domains of several subunits, thereby facilitating signal
transduction (Danot et al., 2009). In the ‘closed’ ‘off” state, the WHD is rotated towards
the NBD and interacts with the bound nucleotide, thereby shielding oligomerization
interfaces. Upon inducer binding or displacement of inhibitory factors, interdomain
interactions are thought to be initially destabilized and subsequently rearranged to allow
protein isomerization from the inactive to the active state (Danot et al., 2009). This
process involves dramatic conformational changes together with consecutive nucleotide
exchange from ADP to ATP, finally displacing the WHD from the NBD. As a
consequence, the WHD is rotated away from the NBD by ~90° with the pivot point (hinge
region) being located within the linker region connecting the HD1 with the WHD domain.

This leads to exposure of the AAA+ multimerization interface and subsequent
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oligomerization (Danot et al., 2009; Sandall et al., 2020). Importantly, common ADP-
bound ‘closed’ and (d)ATP-bound ‘open’ conformations as well as wheel-shaped
oligomeric assemblies of active signaling complexes have been reported for several
STAND ATPases, including the bacterial MalT transcriptional activator, plant R proteins,
the DARK (Drosophila Apaf-1 related killer) apoptosome, the CED4 (Caenorhabditis
cell death abnormal 4) apoptosome, the mouse and human APAF-1 (apoptotic protease
activating factor-1) apoptosome, and inflammasomal components such as NAIP/NLRC4,
NLRP3, and NLRP6, indicating that the ‘binary switch mechanism’ is widely conserved
throughout this class of functionally diverse proteins (Arya & Acharya, 2018; Cheng et
al., 2017; Cheng et al., 2016; Halff et al., 2012; Hu et al., 2013; Hu et al., 2015; Huang et
al., 2013; Larquet et al., 2004; Lukasik & Takken, 2009; Reubold et al., 2011; Riedl et
al., 2005; Sharif et al., 2019; Shen et al., 2019; Tenthorey et al., 2017; Zhang et al., 2015;
Zhou et al., 2015). The example of NLRC4 as a representative of the NLR family is given
in Figure 1-7.

inducer

isomerization '

WHD-HD2-LRR

interfaces

Figure 1-7: Conformational change and oligomerization of NLRC4. The resting form of NLRC4 is an
ADP-bound monomer. Upon inducer binding, which is activated NAIP, NLRC4 switches its conformation
from an autoinhibited and closed conformation to an active and open conformation. This isomerization step
is characterized by the release of autoinhibiting interdomain interactions and a ~90° rotation of the WHD-
HD2-LRR region relative to the NBD-HD1 region. Exposure of oligomerization interfaces leads to wheel-
like NLRC4 assemblies bringing together effector domains for subsequent downstream signaling.
Oligomerization might include ADP to ATP exchange. Structures taken from inactive mouse
NLRC4ACARD (PDB: 4KXF) and an activated NAIP2/NLRC4 oligomer (PDB: 3JBL). NBD: nucleotide
binding domain, HD1: helical domain 1, WHD: winged helix domain, HD2: helical domain 2, LRR: leucine
rich repeat, ADP: adenosine diphosphate, ATP: adenosine triphosphate.

1.4.2 The role of nucleotide binding and hydrolysis

Apart from the recognition that several structures of STAND ATPases were determined
in an ADP-bound inactive or a (d)ATP-bound active conformation, there is not much
known about the distinct roles of nucleotide binding and hydrolysis in the regulation and

assembly of STANDs. Nevertheless, these molecular snapshots provide pivotal insight to
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different steps in a potential nucleotide cycling process, which is complemented by
biochemical data. First of all, related AAA+ ATPases are thought to couple ATP
hydrolysis to the generation of mechanochemical work, thereby driving conformational
change — a mechanism that is still poorly understood (Ammelburg et al., 2006; Wendler
et al., 2012). However, this concept was largely applied to STAND ATPases and initially
proposed to be at the basis of the extensive and global conformational reorganization
needed to adopt the active conformer (MacDonald et al., 2013; Sandall et al., 2020).
Indeed, most STAND ATPases preferentially bind and respond to (d)ATP and possess
intrinsic ATPase activity but with generally very low turnover rate (Danot et al., 2009;
Sandall et al., 2020). In line, ATP was shown to induce NLRP1 inflammasome assembly
in a concentration-dependent manner, whereas presence of the nonhydrolyzable ATP
analogs AMP-PNP (adenylyl imidodiphosphate) and ATPyS failed to promote NLRP1-
dependend caspase-1 activation (Faustin et al., 2007). Importantly, ATP was also reported
to be required for the assembly of other inflammasomes (Sandall et al., 2020). In addition,
mutations that abolish ATP binding in NLRC4, NLRP3, NLRP7, and NLRP12 were
demonstrated to prevent self-oligomerization and downstream signaling (Duncan et al.,
2007; Lu et al., 2005; Radian et al., 2015; Ye et al., 2008). Interestingly, the archaeal
STAND ATPase SSO1545 was crystallized in the open conformation and bound to ADP
instead of ATP (Xu et al., 2009). This might actually imply that ATP is hydrolyzed to
drive conformational change of SSO1545 leaving the protein bound to ADP, which is
subsequently exchanged with ATP to enable oligomerization. This model was also
supposed in case of APAF-1, which hydrolyzes dATP upon cytochrome c binding and is
reloaded with dATP before apoptosome assembly occurs (Kim et al., 2005). However,
the biochemical data underlying this model is controversial, since APAF-1 irreversibly
aggregates when incubated with cytochrome c (Danot et al., 2009). As an alternative,
ADP-bound SSO1545 in the open conformation might represent an intermediate after
conformational change and before nucleotide exchange and oligomerization, meaning
that ATP hydrolysis is not required for the transition from an inactive to an active state.
In line with this concept, the inactive conformation of STAND ATPases suggests that
bound ADP is shielded from being exchanged and thus the protein needs to open up first
before the nucleotide is able to dissociate (Danot et al., 2009). However, other nucleotide
exchange mechanisms might be possible and it is indeed not yet clarified how and when

this event occurs.
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Oligomerization is thought to stabilize the ATP-bound state because ATP is bound at the
interface of two subunits in the oligomer (Danot et al., 2009). A structural study on CED-4
in complex with the CED-9 inhibitor protein reported an open and ATP-bound but not
oligomeric conformation (Yan et al., 2005), suggesting that ATP is bound prior to
oligomerization. In contrast, oligomeric structures of NLRC4 were reported to be free
from nucleotides (Hu et al., 2015; Tenthorey et al., 2017; Zhang et al., 2015). One
explanation could be that the NLRC4 oligomer might have low affinity towards ATP
leading to its dissociation during the purification process, but NLRC4 and the related
family members NLRP3 and NLRP12 were each shown to display high affinity towards
ATP with dissociation constants in the range of ~50-100 nM (Duncan et al., 2007; Lu et
al., 2005; Ye et al., 2008). Although the conformation of ATP-bound NLRC4, NLRP3
and NLRP12 is unknown, it is likely that ATP is bound in the open form, thus suggesting
that ATP binding in NLRC4 occurs after oligomerization.

Regarding the role of ATP hydrolysis, an interesting finding was that mutation of the
catalytic residue in the Walker B motif of tomato R protein I-2 leads to its autoactivation
(Tameling et al., 2006). Importantly, hyperactive I-2 mutants were shown to be only
impaired in ATP hydrolysis activity but not nucleotide binding (Tameling et al., 2006),
indicating that hydrolysis is not needed to adopt the active conformation but rather
important for inactivating the protein. Thus, these mutants are likely trapped in an ATP-
bound active conformation, which would explain their reported hyperactivity (Danot et
al., 2009). Similarly, mutation of the ATPase module in the Arabidopsis RPS5 protein,
the bacterial MalT or the NLR family proteins NOD2 and NLRP3 were shown to lead to
hyperactivation when the mutation abolished ATPase activity, or on the contrary, protein
inhibition when nucleotide binding was affected (Ade et al., 2007; Marquenet & Richet,
2007; Proell et al.,, 2008). Additionally, presence of AMP-PNP and another
nonhydrolyzable ATP analog AMP-PCP (adenylyl methylenediphosphonate) are able to
promote the activation and signaling of MalT and APAF-1, respectively (Jiang & Wang,
2000; Marquenet & Richet, 2007), indicating that ATP binding but not hydrolysis is
essential for downstream signaling (Danot et al., 2009). Incongruously, a mutant of
murine NLRP1b defective in nucleotide binding was reported to render the protein
constitutively active and similar with human NLRP1, presence of ATPyS failed to
activate the APAF-1 apoptosome (Faustin et al., 2007; Jiang & Wang, 2000; Liao &
Mogridge, 2013).
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Importantly, some inconsistent findings from biochemical studies can be explained by the
fact that mutations within the ATPase module can affect either nucleotide binding or ATP
hydrolysis, which should be considered as distinct events in the activation process. In
addition, it is likely that STAND proteins display different affinity for ATP and
nonhydrolyzable ATP analogs. Low affinity binding might not be sufficient for
activation. However, it is as well possible that discrepancies come along with more
complex dynamics of nucleotide binding and hydrolysis. In conclusion, the emerging
activation mechanism of STANDs might include ADP to ATP exchange that is most
likely required for activation and oligomerization, and ATP hydrolysis that might return
the active conformer back to the inactive resting state. Due to the lack of conclusive data,

the steps in between cannot be ultimately resolved yet (Danot et al., 2009).

1.5 Pharmacological interference with the inflammasome pathway
Accumulation of sterile danger signals is a common instigator of chronic inflammation,
which drives a variety of diseases arising in ageing populations (Mangan et al., 2018).
NLRP3 was determined as a key mediator of inflammation in conditions of cellular
dyshomeostasis (Platnich & Muruve, 2019). Thus, many links between the pathology of
age-related diseases and aberrant or excessive activation of NLRP3 could be established
(Mangan et al., 2018; Schwaid & Spencer, 2021). Diseases with NLRP3-dependent
pathology can be broadly categorized as systemic autoinflammatory diseases, diseases of
the central nervous system (CNS), and peripheral inflammatory diseases that are most
often associated with metabolic dysfunction. Cryopyrin-associated periodic syndromes
(CAPS) are a group of rare and inherited autoinflammatory disorders that are caused by
different gain-of-function mutations in the N/rp3 gene (Booshehri & Hoffman, 2019).
They include familial cold autoinflammatory syndrome (FCAS), Muckle-Wells
syndrome (MWS), and neonatal-onset multisystem inflammatory disorder (NOMID),
which present with increasing symptoms and severity. Patients commonly suffer from
blood neutrophilia, fever, and inflammation of the skin, joints, and conjunctiva. In
addition, hearing loss and kidney amyloidosis can occur in MWS and NOMID, whereby
the latter can also lead to CNS inflammation (Mangan et al., 2018).

Excessive activation of the NLRP3 inflammasome is also the driving force for the
pathology of important non-hereditary diseases of the brain and the periphery. A mutual

finding in Alzheimer disease, Parkinson disease, amyotrophic lateral sclerosis, multiple
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sclerosis, epilepsy, stroke, and traumatic brain injury was an increase in the expression
levels of NLRP3 inflammasome components and elevated secretion of mature IL-1,
indicating that pyroptosis might be the common denominator of neurodegeneration.
Importantly, mouse models revealed that depletion or inhibition of NLRP3 is paralleled
by decreased disease progression (Lunemann et al., 2021). In addition, metabolic
dysbiosis can lead to the accumulation of lipids that provide a priming signal for NLRP3
as well as the formation of NLRP3-activating crystals that drive lysosomal rupture and
chronic low-grade inflammation. Examples of NLRP3-associated diseases driven by
metabolic alterations include type II diabetes, nonalcoholic steatohepatitis (NASH),
rheumatoid arthritis, atherosclerosis (coronary artery disease), gout, kidney dysfunction,
and certain types of cancer (Mangan et al., 2018; Schwaid & Spencer, 2021). Importantly,
the development of metabolic diseases is strongly associated with increasingly sedentary
lifestyles and a Western diet, which adds up to the aging population of these days
(Mangan et al., 2018). Notably, the here described diseases are all associated with
NLRP3, whereas the function of other NLR family members have been linked with many
more human diseases (Zhong et al., 2013). Thus, NLRs and their signaling pathways are
an attractive target for pharmacological inhibition with broad therapeutic potential in
especially autoinflammatory and chronic inflammatory diseases (Mangan et al., 2018).
Inhibition of the NLRP3 inflammasome pathway has been explored in some detail. The
most advanced and clinically approved therapeutics today are the human anti-IL-1f3
monoclonal antibody canakinumab and anakinra, which is the recombinantly produced
form of the endogenous IL-1 receptor antagonist (Mangan et al., 2018; Schwaid &
Spencer, 2021). Canakinumab is an approved treatment option in patients with CAPS
(Lachmann et al., 2009). In addition, the antibody was tested as an anti-inflammatory
therapy in the CANTOS (Canakinumab anti-inflammatory thrombosis outcome study)
phase III trial and showed safety and efficacy in treating atherosclerosis by significantly
lowering the rate of recurrent cardiovascular events in at-risk patients (Ridker et al.,
2017). It was also observed that symptoms of chronic inflammation and cancer mortality
could be decreased during therapy with Canakinumab (Schwaid & Spencer, 2021).
Anakinra is approved by the U.S. food and drug administration (FDA) for the use in
rheumatoid arthritis, when patients do not experience improvements in disease symptoms
with at least one other antirheumatic drug. Unfortunately, anakinra is reported to have
only modest efficacy in this indication (Mertens & Singh, 2009). This is likely due to the
fact that pathology in many diseases is often driven by factors beyond IL-18 (Mangan et
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al., 2018). Anakinra was also approved to be efficacious in treating patients with CAPS
(Kuemmerle-Deschner et al., 2013). Because anakinra has a relatively short half-life of
4-6 h and modest oral bioavailability, frequent injections are needed. Most often these
injections cause pain at the injection site, thus therapy with canakinumab (half-life of 26
days) is generally preferred (Schwaid & Spencer, 2021). However, one important side
effect of both therapies is a compromised immune response with concomitant risk for
serious opportunistic infections due to the central role of IL-1P as a cytokine that is
produced by multiple inflammasomes (Mangan et al., 2018; Schwaid & Spencer, 2021).

Another target more upstream in the inflammasome pathway is caspase-1. VX-765 and
VX-740 are so far the most selective caspase-1 inhibitors that were tested in the clinic but
did not demonstrate sufficient efficacy and safety. Both compounds are prodrugs that
become active by the modification of plasma esterases and were developed for
rheumatoid arthritis and psoriasis and epilepsy, respectively. However, phase IIb clinical
trials were discontinued due to concerns of hepatotoxicity. Importantly, caspase-1
inhibitors increase the risk for opportunistic infections as does inhibition of IL-1B
(Mangan et al., 2018; Schwaid & Spencer, 2021). Other concepts with similarly broad
side effects include the inhibition of priming signals or activating stimuli. As an example,
data on BTK inhibitors show an effect on the inflammasome with positive phase II data
in multiple sclerosis and rheumatoid arthritis (Cohen et al., 2020; X. Liu et al., 2017;
Montalban et al., 2019). But strikingly, BTK inhibitors are non-selective NLRP3
inflammasome inhibitors because interfering with BTK function will also affect several
other cell processes besides inflammasome activation (Schwaid & Spencer, 2021).

For that reason, direct and selective inhibition of single inflammasome sensors is the
most recent strategy in the development of potent inflammasome inhibitors (Schwaid &
Spencer, 2021). The most important compound in this group is the NLRP3-selective small
molecule inhibitor CRID3, which has been shown to be effective in dozens of preclinical
disease models (Corcoran et al., 2021; Mangan et al., 2018). However, clinical
development of CRID3 was discontinued after phase Ib testing due to increased risk of
hepatotoxicity, but next-generation CRID3-inspired compounds have recently progressed
into clinical trials (El-Sharkawy et al., 2020; Schwaid & Spencer, 2021). Importantly,
structural data of the NLRP3-CRID3 inhibitor complex would provide vital information
to accelerate and improve the development of advanced NLRP3 antagonists, which could

be the medicine of tomorrow.
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1.6 Aims of the thesis

Existence of the NLRP9 and NLRP12 inflammasomes has not yet been confirmed in
biochemical studies. Therefore, one objective of this thesis is the investigation and
confirmation of the putative NLRP9 and NLRP12 inflammasomes using biochemical
approaches and ultimately the acquisition of structural data that would gain mechanistic
insights into their regulation and assembly. For that purpose, full-length protein and
single-domain constructs shall be expressed in the Sf9 insect cell system and purification
strategies shall be developed. It has been reported that purification of NLR proteins is
difficult, probably because these proteins have a tight folding and tend to oligomerize
with their PYD and NACHT domains. For that reason, the establishment of purification
strategies is a major aim of this thesis.

Because signal transduction in NLRP proteins is facilitated via nucleated
polymerization of Pyrin domains, this domain shall be of particular focus of the research.
It is expected that Pyrin domain-only constructs of NLRP proteins can largely escape the
autoinhibition mechanisms of the full-length proteins, which might be subject to complex
regulation mechanisms involving steps of post-translational modification (priming) and
inducer binding. Therefore, investigation of PYD-only constructs might be less
sophisticated. CARDs and PYDs of certain inflammasome components were reported to
polymerize into filaments via three conserved asymmetric interfaces. Thus, it shall be
investigated whether PYDs of NLRP9 and NLRP12 are assembled in a similar manner or
if differences exist, what might be their functional consequences.

NLRP12 is highly related to the prototypic inflammasome sensor NLRP3, which has
been studied extensively in the past. However, NLRP12 but not NLRP3 is implicated in
anti-inflammatory regulation of the NF-kB pathway. For that reason, regulatory
mechanisms that allow downstream signaling might be different and shall be investigated.
This primarily includes analysis of the regulatory NACHT domain of NLRP12 regarding
its capability to bind to and hydrolyze nucleotides and to self-oligomerize into higher
order structures. Ideally, structural information shall be obtained to gain mechanistic
insight into NLRP12 conformation, regulation, and function.

This thesis shall provide new mechanistic understanding on human inflammasomes
and how potent pharmacological interference can be achieved. As a prototypic example
of direct inflammasome inhibition, the structure of NLRP3 in complex with the small

molecule inhibitor CRID3 shall be determined to ultimately reveal its mode of action.
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Chapter 2: Biochemical and structural investigation of

human NLRP9

Some work presented in this chapter was accomplished in cooperation with Inga
Hochheiser and Dr. Kanchan Anand (University of Bonn). Inga Hochheiser performed
grid preparation and imaging using the facility for electron microscopy at the Max Planck
Institute for Neurobiology of Behavior — Caesar (Bonn). Dr. Kanchan Anand performed
crystallization of NLRP9PYP, data collection at the Swiss Light Source (SLS) — Paul
Scherrer Institute (Villigen, Switzerland), as well as data processing, structure

determination, and refinement.

Part of this chapter is published in:

Marleaux, M., Anand, K., Latz, E., & Geyer, M. Crystal structure of the human NLRP9
Pyrin domain suggests a distinct mode of inflammasome assembly. FEBS Lett 594, 2383-
2395 (2020). DOI: 10.1002/1873-3468.13865
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2.1 Initial functional analysis of human NLRP9
Rotavirus is a genus of double-stranded RNA viruses that are the leading cause of severe
acute diarrhea among infants and young children worldwide, causing an estimated
200,000-450,000 deaths annually and 36% of all diarrhea hospitalizations (Crawford et
al., 2017; Dennehy, 2015). While NLRP9 has initially been shown to play a role in
preimplantation embryo development (Kanzaki et al., 2020; Kufer & Sansonetti, 2011),
a study in 2017 established the mouse analogue NLRP9b as an inflammasome sensor that
drives ASC and caspase-1 mediated pyroptosis in intestinal epithelial cells (IECs) of mice
challenged with rotavirus infection (Zhu et al., 2017). They found that, in concert with
the RNA sensor DHX9, NLRP9b recognizes short double-stranded RNA (dsRNA) from
rotavirus and drives pyroptosis resulting in subsequent abortive infection. Also,
expression of human NLRP9 in IECs and association with DHX9 and ASC in rotavirus-
infected HEK293T cells has been shown (Zhu et al., 2017). NLRP9 was moreover found
to be expressed and upregulated upon inflammatory stimuli in brain pericytes (Nyul-Toth
et al., 2017) and cerebral endothelial cells (Nagyoszi et al., 2015), suggesting an
additional function in the human brain. Besides, NLRP9 has been linked to neutrophilic
inflammation in a mouse model of acute lung injury (Yanling et al., 2018) and a number
of other inflammatory diseases, including urothelial carcinoma (Poli et al., 2015),
multiple sclerosis (Gil-Varea et al.,, 2018), familial late onset Alzheimer’s disease
(Fernandez et al., 2018), systemic-onset juvenile idiopathic arthritis (Tadaki et al., 2011),
and Helicobacter pylori infection (Castano-Rodriguez et al., 2014). However, existence
of an NLRPY inflammasome was never confirmed biochemically. Thus, the specific role
of NLRPY in disease and mechanistic understanding of its regulation is still enigmatic.
Since no biochemical and structural information about human NLRP9 was known, this
part of the thesis provides an initial analysis. The primary structure of NLRP9 is compared
to NLRP3, a NLR family member that has been studied intensively in recent years.
Protein domains and important motifs as well as similarities and differences that reflect
protein structure and function are assigned. Moreover, it is shown in a HEK293T cell
system, that full-length NLRP9 does not nucleate ASC speck formation in the absence of
rotavirus. Functionally, recombinant NLRP9 is found to exist as a monomer in solution
and to adopt a less stable dimeric conformation upon exposure with ATP. Finally,
monomeric NLRP9Y is analyzed using electron microscopy and the shape of the imaged

particles is compared to a structural model.

48



Biochemical and structural investigation of human NLRP9

2.1.1 Domain architecture and sequence motifs in NLRP9

In contrast to mice, which harbor three Nirp9 genes (mNlrp9a, mNIrp9b, mNIrp9c),
humans have only one N/rp9 gene located on the reverse strand of chromosome 19. The
gene contains 9 coding exons, which encode two isoforms produced by alternative
splicing (Ensembl: ENSG00000185792). Isoform 1 has been defined as the canonical
sequence (Uniprot: Q7RTRO). The protein consists of 991 amino acids with a calculated
mass of approximately 113 kDa and a theoretical isoelectric point (pI) of 6.08. To
determine the domain architecture of NLRP9 as well as functional and structural
relationships with the well-studied family member NLRP3, a detailed primary structure
analysis combined with a sequence alignment was performed (Figure 2-1). Interestingly,
both proteins show a remarkably high conservation at the C-terminus. However, the
overall sequence identity between full-length NLRP3 and NLRP9 was determined to be
35.0%. Corresponding to the upper ‘twilight zone’ (Rost, 1999), this value reflects that
both proteins are homologous and share the basic tripartite architecture that is widely
conserved within the NLR family and contains an N-terminal effector domain, a central
NACHT domain and a C-terminal region with a series of LRRs (Martinon et al., 2009).
Besides this parent organization, the NACHT and LRR regions can be subdivided into
different subdomains.

In NLRP9, the N-terminal effector domain is a PYD that spans amino acids (aa) 1-97
and is followed by the central NACHT domain continuing until aa 563. While both
domains are separated by a 37 amino acid flexible linker in NLRP3, this linker is
completely absent in NLRP9. It was proposed recently, that this linker region in NLRP3
might be important to position the PYDs of different subunits into the helical assembly
that forms a seed for ASC polymerization (Tapia-Abellan et al., 2021). In NLRP3, the
linker is followed by the FISNA domain that contains two functionally important motifs.
The first motif is a polybasic cluster with 10 out of 17 aa being positively charged and
found to be key for NLRP3 inflammasome activation upon cellular potassium efflux
(Tapia-Abellan et al., 2021). The second motif is a loop containing SP phosphorylation
sites, which become phosphorylated during priming and are prerequisite for NLRP3
deubiquitination and subsequent inflammasome activation (Paik et al., 2021). In NLRP9,
the sequence identity with the NLRP3 FISNA domain is very poor and does neither
contain the polybasic cluster, nor the activation loop. One distinctive feature of STAND
ATPases in this particular region is an hhGREXE motif roughly 25-30 residues upstream

of Walker A that interacts with the adenine moiety of a bound nucleotide (Danot et al.,
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2009; Leipe et al., 2004). This motif seems not well conserved in NLRP3 or NLRP9, but
a sequence with some similarity (HFYKETM) could be found at the expected position
in NLRPO. Interestingly, a structural model of human NLRP9 generated with the
AlphaFold2 server (Jumper et al., 2021) predicts two helices between the PYD and the
first B-strand of the NBD (Figure 2-6b). Existence of a helix directly upstream of the first
NBD p-strand would essentially be in line with the common NBD topology previously
described for STAND ATPases that differs from NLRP3 (Figure 1-6¢) (Danot et al.,
2009). Thus, the beginning of this helix (aa 121) reflects the start of the NBD in NLRP9,
whereas the other predicted helix might serve as a rigid linker between the PYD and NBD.

The NLRP9 NBD spans until aa 296 and harbors a classical Walker A and an extended
Walker B motif, which are both key for nucleotide binding and hydrolysis (Danot et al.,
2009). With the sequence LFIMDGFEQ, the Walker B motif in NLRP9 shows significant
variation from the hhhhD[G/A/SThDE consensus sequence that is typically shared among
the NACHT clade (Leipe et al., 2004). STAND ATPases are thought to be regulated by
a molecular switch mechanism, that renders the bound nucleotide unexchangeable (Danot
etal.,2009). However, in AAA+ proteins a ‘glutamate switch’ mechanism has been found
to regulate hydrolysis activity dependent on ligand binding (Zhang & Wigley, 2008). The
mechanism relies on a single residue that is affected by a ligand binding event and suited
to establish or cease an interaction with the catalytic acidic residue of the Walker B motif
(Zhang & Wigley, 2008). This residue is usually located at the tip of the second NBD
B-strand (Wendler et al., 2012). No ligand binding site is known for NLRP9 but residue
Asn186 was found at the expected position in close proximity to the Walker B site.

The sensor I motif is typically a polar residue embedded at the tip of the central beta
strand and thought to fulfill several putative functions, including stabilization of the
negative charge of the reaction intermediate during hydrolysis (Leipe et al., 2004). In
NLRP3, Arg351 is found as the expected polar residue. In contrast, NLRP9 contains a
glycine residue (Gly276) at the equivalent position, suggesting the sensor I motif is
missing. Another polar residue that is most often conserved across AAA+ proteins is
referred to as the arginine finger. In an oligomeric assembly, the residue is thought to
interact in trans with the nucleotide bound in a neighboring subunit (Wendler et al., 2012).
Interestingly, in the MNS clade of STAND ATPases a putative arginine finger motif was
reported to be complementary present with the sensor I motif (Leipe et al., 2004).
Although very rare in NLRs, Arg288 might be a similar candidate residue located at the
tip of a helix right before the terminal -strand of the NLRP9 NBD.
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Figure 2-1: Sequence alignment of NLRP3 and NLRP9. The amino acid sequence of human NLRP3
isoform 2 (Uniprot accession number: Q96P20) and human NLRP9 isoform 1 (Uniprot accession number:
Q7RTRO) was aligned using Clustal Omega (Madeira et al., 2019). Identical amino acids in both proteins
are boxed. The secondary structure assignment was generated from NLRP3 (PDB: 7PZC, (Hochheiser,
Pilsl, et al., 2022)) using ESPript 3.0 (Robert & Gouet, 2014). Helices are shown as squiggles and beta
strands are shown as arrows. Domain boundaries are based on the NLRP3 structure and highlighted as Pyrin
domain (PYD, bluewhite), fish-specific NACHT associated domain (FISNA, skyblue), nucleotide binding
domain (NBD, wheat), helical domain 1 (HD1, raspberry), winged helix domain (WHD, deepolive), helical
domain 2 (HD2, deepteal), transition leucine-rich repeat domain (trLRR, violetpurple), and canonical
leucine-rich repeat domain (cnLRR, lightpink). Important motifs in NLRP3 are depicted below the
sequence. o: alpha-helix, n: 310-helix, B: beta-strand.
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Helical domain 1 (HD1) spans aa 297-358 in NLRP9 and, in STAND ATPases, typically
contains a conserved GxP motif (Danot et al., 2009). NLR proteins largely lack the
glycine residue but the proline that interacts with the adenine moiety of the nucleotide is
highly conserved throughout the family, including NLRP9 (Sandall et al., 2020).

The sequential winged helix domain (WHD) starts at aa 359 and ties into helical
domain 2 (HD2) at position 464. It contains a highly conserved histidine residue (H445)
that is likely to substitute for the function of a conserved arginine residue implicated in
hydrolysis, nucleotide-sensing, and inter-subunit interaction in AAA+ ATPases, termed
sensor II (Ogura et al., 2004; Sandall et al., 2020).

HD2 spans until aa 564 and is then followed by the C-terminal LRR domain, which
can be subdivided into two different segments. The first segment defines as a region with
varying length and composition of the individual LRR repeats, termed transition LRR
(trLRR, aa 565-637; based on AlphaFold2 model). The second segment is a region
containing canonical LRR repeats (cnLRR, aa 638-991) with a conserved array of helices,
turns and beta strands. The trLRR in NLRP3 harbors an acidic loop that extends from an
LRR transition segment and folds back into the concave side of the cnLRR to mediate
contacts between two opposing LRRs in an inactive decameric conformation
(Hochheiser, Pilsl, et al., 2022). While this loop is important for the autoinhibition of

NLRP3, it is absent in NLRP9, suggesting a different mode of regulation.

2.1.2 NLRP9 is not capable of nucleating ASC specks in the absence of rotavirus

A previous study showed that reconstitution and overexpression of inflammasome
components in a HEK293T cell system is sufficient to promote spontaneous ASC speck
formation (Sester et al., 2015), which is considered a reliable readout for inflammasome
activation (Stutz et al., 2013). In a first functional experiment, the capability of NLRP9
to promote ASC specks was investigated. HEK293T cells stably expressing low levels of
ASC-BFP (blue fluorescent protein) fusion protein were transfected with increasing
concentrations of a plasmid encoding human full-length NLRP9. For comparison, also
human full-length NLRP3 was transfected as the closest relative that is well known to
form an inflammasome with ASC (Swanson et al., 2019). Subsequently, the number of
ASC specks has been determined using flow cytometry experiments (Figure 2-2).
Expression of NLRP3 resulted in robust formation of ASC specks in a dose-dependent

manner. Importantly, this effect was specific for NLRP3, since a control plasmid did not
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promote ASC speck formation in transfected cells. In contrast, transfection of NLRP9
was not sufficient to form ASC specks in the tested system. Thus, opposite to NLRP3,
NLRP9 is not capable of nucleating ASC specks in the absence of its ligand, suggesting
two possible explanations: (1) A more stable autoinhibited state due to a different mode

of regulation or (2) its inability to interact with ASC to form an active inflammasome.
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Figure 2-2: Analysis of ASC speck formation in cells overexpressing NLRP9. Plasmids coding for
human NLRP3 or NLRP9 under a CMV promoter were transfected into HEK293T cells stably expressing
ASC-BFP fusion protein. To follow promoter activity, mCitrine was simultaneously expressed via an
internal ribosomal entry site (IRES). In case of the control, the transfected plasmid did not contain the
NLRP3 or NLRP9 coding sequence. mCitrine positive cells have been analyzed by flow cytometry for the
presence of ASC specks. Bars are representative of two technical replicates. n = 1 + SD.

2.1.3 Recombinant full-length NLRP9 forms a stable monomer in solution

To gain more insights into the regulation and autoinhibition mechanisms, human NLRP9
was recombinantly expressed as N-terminal MBP-fusion protein in the Sf9 insect cell
system. The MBP tag was chosen based on its stabilizing and solubilizing properties and
the experience that full-length NLR proteins tend to aggregate at higher concentrations.
NLRP9 was purified to homogeneity by affinity chromatography (AC), tag cleavage, and
size-exclusion chromatography (SEC) in the absence of nucleotides. A representative
SEC run of NLRP9 after AC and tag cleavage is shown in Figure 2-3a. The protein eluted
as one major peak close to the void volume at around 40 ml and two minor peaks at 82
ml and 96 ml, respectively. The void volume fraction corresponds to a protein mass of
> 6,000 kDa and contains large protein aggregates that are most likely not well folded
and thus not an appropriate conformation for autoinhibition. In contrast, peak 1 eluted at
a retention volume that is expected for monomeric NLRP9. Peak 2 represents a fraction
of defined protein such as the cleaved MBP tag. The SDS gel with samples from different

steps of the purification process shows a high excess of target protein with an intense
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band above 130 kDa for uncleaved MBP-NLRP9 (MW = 154,808 Da) and 100 kDa for
tag-cleaved NLRP9 (MW = 113,459 Da, Figure 2-3b).
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Figure 2-3: Purification and analysis of human NLRP9. (a) Representative chromatogram of NLRP9
injected onto a Superose 6 PG XK 16/70 size-exclusion column after affinity purification and tag cleavage.
Elution of protein was followed via the absorbance at 280 nm wavelength. Grey and red areas indicate
individually pooled fractions of the void and first peak, respectively. (b) Coomassie-stained samples from
different steps of the purification process and fractions from (a) after reducing SDS-PAGE. M: marker, AC:
affinity chromatography, TEV: tag cleavage using TEV protease, SUP: supernatant after centrifugation. (c)
Elution profile from analytical gel filtration of ~10 ug NLRP9 peak 1 protein injected onto a Superose 6
Increase 3.2/300 column and calculation of the molecular weight from the peak retention volume. Linear
regression was used to fit the calibration curve to the partition coefficient (Kav) versus the logarithm of the
molecular weight of a standard (R? = 0.9943). (d) Thermal shift assay of 80 nM full-length NLRP9 void
(black) or monomer (peak 1, red) in the absence of nucleotides. The measurement was setup with a
temperature ramp ranging from 15-95°C, a slope of 2°C-min’!, and a 100% laser intensity. Shown data is
representative of 2-3 technical replicates. Apparent melting temperatures (7um) of the samples are depicted
as dashed lines.
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The two additional protein bands at lower molecular weights correspond to the cleaved
MBP tag (MW = 41,349 Da) and the TEV protease that was supplemented for tag
cleavage (MW = 28,400 Da). As already suggested, the Coomassie-stained SDS gel
proves that the void fraction and the peak 1 fraction both contain NLRP9, whereas the
peak 2 fraction contains the cleaved MBP (Figure 2-3b). Additionally, it indicates that
the tag cleavage worked only partially, since the MBP tag could not be cleaved from all
NLRP9 molecules. While the void peak mainly consists of uncleaved NLRP9, the peak 1
fractions contain a mixture of both, cleaved and uncleaved protein. However, the right
shoulder of peak 1 is comprised of pure and cleaved protein with minimal amounts of
impurities and thus, was pooled for further analyses.

To determine the molecular weight and ensure protein integrity, the sample was
investigated by analytical gel filtration (Figure 2-3c). Injected at a low concentration,
NLRP9 eluted as a single peak with a retention volume of 1.80 ml, which corresponds to
an approximate molecular weight of 89 kDa. Since the theoretical molecular weight of
monomeric NLRP9 is 113 kDa, it can be concluded that NLRP9 from the peak 1 fraction
corresponds to a stable monomer in solution.

Based on this result, the difference between monomeric NLRP9 and the aggregated
protein collected from the void volume was examined in thermal shift denaturation assays
(Figure 2-3d). Using nanoDSF (differential scanning fluorimetry) for thermal
denaturation, NLRP9 void protein denatured in two steps as reflected by the different
melting temperatures (7m) at 48.2°C and ~60°C, whereas monomeric NLRP9 denatured
in only one defined event (7w = 58.3°C). The protein from the void volume is significantly
less stable compared to the monomeric NLRP9 protein (A7m = 10.1°C), suggesting a
different conformation together with potential improper folding. With respect to the
highly stabilizing effect of the MBP tag it should be mentioned again that the void volume
fraction mainly consists of uncleaved protein, whereas the pooled right flank of the
monomeric fraction only contains cleaved NLRP9. Furthermore, the melting curves of
NLRP9 from both fractions show a different course, which likely reflects diverse local
positions of tryptophan residues within the protein and therefore also provides evidence
for different conformations. In conclusion, recombinant full-length NLRP9 forms a stable

monomer in solution that is different from the void volume protein fraction.
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2.1.4 ATP drives conformational change and dimerization of NLRP9

Mechanistically, one model for the regulation of STAND ATPases includes the binding
of an inducer that results in the exchange from ADP to ATP and subsequent
interconversion from an inactive to an active state (Danot et al., 2009). The subsequent
ATP hydrolysis might couple to the generation of mechanochemical work that turns off
the protein (Danot et al., 2009). In line, intrinsic ATPase activity was associated with all
functions of NLRP3 and NLRP12, suggesting that ATP binding and hydrolysis play an
important role in regulation (Duncan et al., 2007; MacDonald et al., 2013; Ye et al., 2008).
Therefore, the effect of ADP and ATP on the conformation of NLRP9 was investigated

using thermal shift denaturation assays (Figure 2-4).
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Figure 2-4: Thermal destabilization of NLRP9 in the presence of ATP. Thermal shift denaturation assay
of (a) 350 nM NLRP9 void protein or (b) 80 nM NLRP9 monomer either in the absence or in the presence
of 1 mM ADP or ATP. MgCl: at a concentration of 5 mM is already included in the purification buffer.
The measurement was setup with a temperature ramp ranging from 15-95°C, a slope of 2°C-min’!, and a
100% laser intensity. Shown data is representative of 3 technical replicates. Apparent melting temperatures
(Tm) of the samples are depicted as dashed lines.

As expected, incubation with 1 mM ADP or ATP did not change the thermal stability of
aggregated NLRP9 (void) as if compared with the protein incubated alone (Figure 2-4a).
It is likely, although binding of ADP or ATP still might be possible, that the protein is
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not well folded and thus not able to switch between the autoinhibited and active
conformation. In contrast, incubation of monomeric NLRP9 with the same concentration
of ATP did result in a significant destabilization of the protein (ATwm = 5°C). Interestingly,
incubation with ADP did not show such effect as the thermal stability of NLRP9 that was
incubated with ADP was comparable to the untreated control (Figure 2-4b). These results
indicate that monomeric NLRP9 is likely in an ADP-bound autoinhibited conformation.
High concentration of ATP might promote nucleotide exchange together with a potential

conformational change to an ATP-bound active conformation.
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Figure 2-5: Dimerization of NLRPY in the presence of ATP. Elution profile from analytical gel filtration
of ~10 pg monomeric NLRP9 preincubated with 1 mM (a) ADP or (b) ATP for 30 minutes on ice before
injection onto a Superose 6 Increase 3.2/300 column. MgClz at a concentration of 5 mM is already included
in the purification buffer. (¢) Calculation of the molecular weight from the peak retention volume obtained
from (a, b). Linear regression was used to fit the calibration curve to the partition coefficient (Kav) versus
the logarithm of the molecular weight of a standard (R* = 0.9943).
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As exemplified by NLRC4 (Zhang et al., 2015) and NLRP6 (Shen et al., 2019), the
current model of inflammasome formation includes oligomerization. To analyze the
oligomerization status of NLRP9 after incubation with nucleotides, the protein was
subjected to analytical gel filtration (Figure 2-5). Monomeric NLRP9 incubated with
1 mM ADP eluted at a retention volume of 1.79 ml, corresponding to a molecular weight
of ~101 kDa (Figure 2-5a, c). If incubated with 1 mM ATP instead of ADP, the retention
volume changed to 1.74 ml with a shoulder to the left side of the peak (Figure 2-5b). The
measured retention volume corresponds to a molecular weight of ~182 kDa (Figure 2-5¢).
Since monomeric NLRP9 has a theoretical mass of 113 kDa it can be concluded that
incubation with ADP has no effects on NLRP9 while incubation with ATP drives

conformational change together with destabilization and dimerization.

2.1.5 Shape of particles obtained by electron microscopy fits model of NLRP9

To address whether monomeric NLRP9 resembles the ‘closed’ and autoinhibited state of
the NLR, the protein was analyzed using electron microscopy. The negative stain image
shows single and homogeneous particles with an average diameter of approximately
10 nm (Figure 2-6a). The overall particle density was low and unfortunately the protein
could not be further concentrated due to subsequent aggregation. While the homogeneity
and size of the particles appeared to suit well for solving the protein structure using
cryo-EM, the particle density opposed the performance of such trials. Thus, the shape of
representative particles from the negative stain EM was further investigated.

Particles of monomeric human NLRP9 have a horseshoe-like shape with an additional
density at one side (Figure 2-6a, right panels). This highly resembles the overall fold of
the NACHT and LRR domains that has already been structurally determined in other
NLR family proteins, including NLRC4 (PDB: 4KXF (Hu et al., 2013)), NOD2 (PDB:
SIRN (Maekawa et al., 2016)), and NLRP3 (PDB: 6NPY (Sharif et al., 2019)). In line, a
surface representation from a model of human NLRP9 generated with the AlphaFold2
server (Jumper et al., 2021) shows clear similarities with the overall shape and size of the
obtained EM particles (Figure 2-6b). While it is not possible to conclude about the active
or inactive conformation of monomeric NLRP9 without determination of average class
sums or ultimately the protein structure, the individual domains of NLRP9 likely fold and
arrange in a similar way to other NLR family proteins. Therefore, regulation by a

molecular switch mechanism and concomitant rearrangements might be conserved.
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Figure 2-6: Analysis of NLRP9 using electron microscopy. (a) Negative stain EM image of ~0.01
mg-ml”! monomeric NLRP9, recorded by Inga Hochheiser (University of Bonn). Red squares (1-4)
represent regions of interest that contain representative particles shown as close-ups on the right side. (b)
Cartoon and transparent surface representation of a model of human NLRP9 generated using AlphaFold2
(Jumper et al., 2021). The domain composition is shown color-coded as in Figure 2-1 with domain
boundaries being indicated.

2.2 Functional and structural investigation of the NLRP9 Pyrin domain

The NLRP9-dependent inflammasome in IECs relies on the formation of ASC specks and
subsequent activation of the downstream effector cysteine protease capase-1 (Zhu et al.,
2017). In turn, activated caspase-1 is capable to process the highly pro-inflammatory
cytokines pro-IL-1fB and pro-IL-18 into their mature forms (Man & Kanneganti, 2016;
Mariathasan et al., 2004). Additionally, caspase-1 cleaves gasdermin D, which
incorporates into the host cell membrane to form pores that induce the release of cytokines
and pyroptotic cell death (Burdette et al., 2021; Shi et al., 2015). In case of rotavirus, this
process might drive abortive infection and thereby effectively reduce the viral replication

rate in the host.
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Importantly, inflammasome formation is facilitated by unified nucleation-driven
polymerization of the individual inflammasome components (Li et al., 2018; Lu et al.,
2014; Lu & Wu, 2015). As exemplified by NLRP3, NLRP6, and AIM2, the Pyrin domain
of'a sensor protein can polymerize to form the nucleation seed for ASC filament assembly
by using three major types of asymmetric interfaces (Hochheiser, Behrmann, et al., 2022;
Lu et al., 2015; Lu et al., 2014; Shen et al., 2019). Utilizing CARD-CARD interactions,
caspase-1 extends the ASC filament, which finally leads to proximity-induced
autoproteolytic activation (Lu et al., 2014). Thus, inflammasome assembly and signal
amplification significantly relies on homotypic PYD-PYD and CARD-CARD
interactions of the respective inflammasome components. However, such interactions
have not been reported for NLRP9 until now.

To gain understanding of NLRP9 inflammasome assembly, this part of the thesis
provides new insights on the capability of NLRP9*YP to self-polymerize into filaments
and to nucleate ASC speck formation. It is found that recombinant human NLRP9?YP
exists as a stable monomer in vitro and in cells. In line, human and also murine NLRP9?YP
does not polymerize into filaments nor nucleate ASC speck formation, which is found to
be in great contrast to filament-forming Pyrin domains such as human NLRP3?YD,
Finally, a high-resolution crystal structure of human NLRP9?YP is determined, to study
these differences on molecular level. While the conformation of NLRP9*YP seems
compatible with filament formation, several charge inversions at positions of otherwise
interfacing residues are identified. Repulsive effects might prohibit self-oligomerization
of NLRP9PYP which consequently suggests a distinct mode of inflammasome assembly,

including the interaction with other NLRs.

2.2.1 Purification of recombinant human NLRP9"YP

To study NLRP9 inflammasome assembly, human NLRP9"YP (aa 1-97) was expressed
as N-terminal GST-fusion protein in E. coli. The protein was purified to homogeneity by
affinity chromatography, subsequent tag cleavage, and size-exclusion chromatography at
near physiological buffer conditions (methods section). To enable separation of
NLRPYPYP (MW = 11.83 kDa) from the cleaved GST tag (MW = ~27 kDa), the size-
exclusion column was equipped with a tandem GSTrap affinity column for prolonged
retention of GST. The chromatogram of a representative SEC run after AC and tag

cleavage is shown in Figure 2-7a. The vast majority of NLRP9PYP eluted as one single
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symmetrical peak at around 88 ml, corresponding to a retention volume expected for an
approximately 12 kDa protein on this particular type of column. The monomeric protein
fractions were pooled and readily concentrated up to 120 mg-ml! without any signs of
precipitation or aggregation. Different amounts of purified NLRP9YP were analyzed
with reducing SDS-PAGE to ensure the purity and integrity of the protein sample (Figure
2-7b). The SDS-gel shows only one intense single band at an apparent molecular weight

of ~12 kDa, demonstrating crystallization-grade quality of recombinant NLRP9?YD,
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Figure 2-7: Purification of human NLRP9PY? protein. (a) Representative chromatogram of NLRP9?YP
injected onto a Superdex 75 PG 16/600 size-exclusion column after affinity purification and tag cleavage.
The column was connected to a tandem GSTrap column for prolonged retention of the GST tag. Elution of
protein was followed via the absorbance at 280 nm wavelength. The red area indicates pooled fractions of
the monomeric peak. (b) Coomassie-stained samples of NLRP9'YP after reducing SDS-PAGE. Different
amounts of protein have been loaded onto the gel to determine the purity of the sample. M: marker.

2.2.2 NLRP9”'P is monomeric and does not self-polymerize in vitro

To answer the question whether NLRP9PYD features the ability to form filaments, the
protein was analyzed using different methods that are common to determine the size
distribution and experimental molecular weight of a protein sample. First, NLRP9*YP was
diluted to 2 mg'ml! and incubated for 12 h at 25°C. Subsequently, the protein sample
was analyzed by analytical gel filtration and dynamic light scattering (Figure 2-8a, b).
Analytical gel filtration revealed an average retention volume of 1.46 ml corresponding
to an average molecular weight of 11.93 kDa independent of the incubation time (Figure
2-8a). Consistently, NLRP9PYD particles showed an average hydrodynamic radius of
1.7 nm that equals a molecular weight of approximately 12 kDa and was stable over the
full 12 h incubation period (Figure 2-8b). Since the theoretical molecular weight of

monomeric NLRPO?YP is 11.96 kDa, it was concluded that NLRP9PYP is monomeric in
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solution and does not self-polymerize in vitro. To rule out that a small fraction of
NLRP9PYD is still able to form filaments, the protein was next diluted to 1.2 mg-ml! and
incubated overnight at 37°C. The sample was then analyzed by negative stain EM, which
revealed only three small spots on the otherwise completely ‘empty’ grid with some

9PYD is too

protein aggregates but not filaments (Figure 2-8c). Since monomeric NLRP
small to be resolved as a visible particle in electron microscopy, this finding underlines

the aforementioned conclusion.
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Figure 2-8: Molecular dispersion of recombinant NLRP9*Y? protein. (a) Representative elution profile
from analytical gel filtration of 50 ug NLRP9*YP injected onto a Superdex 75 Increase 3.2/300 column and
calculation of the molecular weight from the peak retention volume. Linear regression was used to fit the
calibration curve to the partition coefficient (Kav) versus the logarithm of the molecular weight of a standard
(R*=0.9948). The molecular weight of NLRP9?YP was determined before and after 12 h of incubation time
at 25°C. Data points are representative of three independent experiments. n = 3 = SEM. (b) Hydrodynamic
radius and corresponding molecular weight of NLRP9*YP (2 mg-ml!) as determined by DLS. Sample was
measured every 30 min during 11.5 h of incubation at 25°C. Data points are representative of three
independent experiments. n = 3 = SEM. (¢) Negative stain EM image of 1.2 mg-ml"! NLRP9*YP, recorded
by Inga Hochheiser (University of Bonn). Prior analysis, the sample was incubated overnight at 37°C. The
depicted aggregates are representative of one of three small spots on the otherwise completely ‘empty’ grid.
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2.2.3 NLRP9"'P does not self-polymerize nor nucleate ASC speck formation in cells

Since NLRP9PYP did not tend to form filamentous structures under the conditions tested
in vitro, the next step was to validate its behavior in the more physiological setting of
HEK293T cells. This cell line was previously shown to be suitable for NLRP9
inflammasome reconstitution (Zhu et al., 2017) and to endogenously express the potential
binding partner DHX9 (The Human Protein Atlas, (Karlsson et al., 2021)). To track
filament formation, human NLRP9"YP was overexpressed as C-terminal mCitrine fusion
protein and compared to overexpression of human NLRP3PYP fusion protein, which is
known to form filaments in cells (Stutz et al., 2017). As expected, an average of 58.5 +
4.7% of cells overexpressing NLRP3PYP-mCitrine displayed large filamentous structures

with ring-shaped morphology (Figure 2-9a, b).
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Figure 2-9: Analysis of PYD polymerization and ASC speck formation in cells. (a) Images of indicated
mCitrine fusion proteins overexpressed in HEK293T or HEK293TASC-BFP cells. (*) Plasmid coding for
mCitrine-HA was transfected as a control and due to IRES expression had to be imaged with higher
exposure time. Bar, 10 um. Images are representative of three independent experiments. (b) Quantification
of mCitrine-positive cells with filaments. Bars are representative of three independent experiments. n = 3
+ SEM; #***P < (.0001 (two-way ANOVA followed by the Holm-Sidak’s multiple comparisons test). (¢)
Quantification of mCitrine-positive cells with ASC speck. Bars are representative of three independent
experiments. n = 3 £ SEM; ****P < (.0001 (ordinary one-way ANOVA followed by the Holm-Sidak’s
multiple comparisons test).
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In contrast, fluorescent protein was found to diffusively locate within cells overexpressing
human NLRP9*YP-mCitrine or mCitrine control under otherwise identical experimental
conditions (Figure 2-9a, b). Conclusively, no NLRP9YP filaments could be detected in
the cellular system thus supporting findings from the in vitro experiments (Figure 2-8).
However, all experiments have been performed using human NLRP9'YP whereas
previous studies more extensively focused on the murine system. Given the relatively low
sequence identity of 52.1% between human NLRP9 (aa 1-94) and murine NLRP9D (aa 1-
91), it is reasonable to anticipate different abilities of its respective PYDs. For that reason,
also murine NLRP9bPYP fusion protein was overexpressed in HEK293T cells and tested

9PYD 1o filaments formed

for its ability to form filaments. As observed for human NLRP
when murine NLRP9b®YP was overexpressed in cells (Figure 2-9a, b).

In comparison, most of the ASC-dependent inflammasomes studied so far rely on
proper polymerization of the Pyrin effector domain as mutations within the PYD that
prevent filament formation also abrogate nucleation of ASC specks (Shen et al., 2019;
Stutz et al., 2017). Despite, with the established ASC-dependent Pyrin or NLRP12
inflammasomes, examples exist where as well no hints for filament formation of their
respective effector domains have been found, yet (Jin et al., 2018; Schnappaufet al., 2019;
Vladimer et al., 2012). Consequently, the ability of NLRP9"YP to nucleate ASC speck
formation independent from self-polymerization was investigated. For this purpose, the
PYD fusion proteins were overexpressed in HEK293T cells stably expressing an
ASC-BFP fusion protein (HEK293TASC-BFP) No significant difference between the
number of cells with filaments could be found between HEK293T and HEK293TASC-BEP
cells, indicating that presence of ASC has no effect on the capability of Pyrin domains to
self-polymerize (Figure 2-9a, b). But interestingly, NLRP3"YP filaments changed to a
more star-like morphology that colocalized with ASC specks at its center (Figure 2-9a).
Indeed, NLRP3PYP filaments were found to nucleate ASC speck formation, as the number
of cells with filaments (65.1 £+ 7.4%, Figure 2-9b) clearly correlated with the number of
cells that formed ASC specks (64.6 £ 4.8%, Figure 2-9c). Importantly, these numbers
differed significantly from mCitrine control cells (2.1 + 0.3%) and cells overexpressing
human NLRP9PYP (1.74 + 0.67%) or murine NLRP9b*YP (1.92 + 0.23%, Figure 2-9c).
Thus, unlike NLRP3PYP, NLRP9"YP does not self-polymerize nor nucleate ASC specks

in cells.
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2.2.4 Determination of a high-resolution structure of the human NLRP9"YP

9PYD and filament-forming PYDs (as

To investigate the differences between NLRP
NLRP3, NLRP6, ASC, AIM2) at the molecular level, recombinant protein was subjected
to crystallization trials for the determination of a high-resolution X-ray crystal structure.
For that purpose, NLRP9"YP protein (aa 1-97) was concentrated to 31.7 mg-ml! and
tested in several commercially available and in house crystallization screens. Already
after short period of time, initial crystals could be found in many conditions but suffered
from heavy twinning. After extensive optimization, the final hexagonal-shaped crystals
appeared in 0.1 M Bicine pH 9.0, 0.2 M sodium thiocyanate, 0.1 M sodium formate, and
25-27% (w/v) PEG3350 (Figure 2-10a). After the crystals had grown large enough for
diffraction experiments, they were measured using the PX1 beamline and Eiger detector
of the Swiss Light Source (SLS) located at the Paul Scherrer Institute in Villigen,
Switzerland. The recorded diffraction images revealed single spots with a resolution of
up to 1.95 A and a diffraction pattern clearly indicative of protein crystals, thus ruling out

the possibility of salt crystals (Figure 2-10b).

Figure 2-10: Crystals and diffraction image of human NLRP9PYP, (a) Representative hexagonal-shaped
crystals of NLRP9PYD that appeared in one of the optimization conditions. (b) Diffraction image of
NLRPO"YP with single spots that diffracted up to 1.95 A resolution. Crystallization, data collection,
processing, structure determination, and structure refinement was performed by Dr. Kanchan Anand
(University of Bonn).

Although the particular crystal used to determine the structure suffered from some
diffraction anisotropy, the dataset could be successfully processed in space group P6522
at a final resolution of 1.95 A (Table 2-1). Initial phases were obtained by molecular
replacement using the coordinates of the NLRP4PYP crystal structure (PDB: 4EWI, 59.6%

sequence identity) as a search model. Based on the resulting electron density map, the
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model of NLRP9"YP was built as a continuous chain spanning residues 9-97 and was
refined to Rwork 0f 21.5% and Ryee of 22.2% with excellent stereochemistry (Table 2-1,
Figure 2-11). In contrast, the N-terminal region (residues 1-8) of the molecule that
corresponds to almost 10% of the structure and several sidechains facing towards solvent
channels were found to be disordered and were not resolved in the electron density map
(Figure 2-11). Additional details of the data collection, quality, and refinement statistics

are given in Table 2-1.

Table 2-1: Crystallographic data collection and refinement statistics of NLRP9?Y?

Data collection
Space group P6522
a, b, c(A) 33.33,33.33,311.09
Resolution (A)? 28.74-1.95 (2.02-1.95)
Ruerge (%) 8.25(98.49)
Ile (1) 18.58 (1.84)
Completeness (%) 99.52 (99.23)
CCin 0.998 (0.916)
Redundancy 22.3 (16.7)
Refinement
Resolution (A) 28.74-1.95
Number of reflections 14 097
Ruwork/ Rivee” 0.215/0.222
Number of atoms
Protein 772
Water 17
B factors
Protein 68.96
Water 75.60
RMSD
Bond lengths (A) 0.006
Bond angles (°) 0.74
Residues in Ramachandran
Favored regions (%) 98.86
Allowed regions (%) 1.14
PDB
Accession number 672G

 Values in parentheses are for the highest resolution shell.

® Rfiee value is equivalent to the R value but is calculated for 5% of the reflections chosen at random and
omitted from the refinement process.
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Figure 2-11: Crystal structure of human NLRP9FYP, Cartoon representation of the NLRP9PYP crystal
structure with six antiparallel helices and long a2-a3 loop, surrounded by detailed views of the respective
residues fitted into the electron density map (2F,-Fc map contoured at 1.0 sigma). The N- and C-terminus
of NLRP9*YP are indicated.

2.2.5 Hydrophobic core residues stabilize a polar surface of NLRP9?YP

9PYD is made from

Consistent with other members of the death-fold superfamily, NLRP
six antiparallel helices, connected by five loops and arranged in the typical death domain
fold (Ferrao & Wu, 2012) (Figure 2-11). While residues 10-15 (al), 20-31 (a2), 52-62
(a4), 66-78 (a5), and 82-96 (06) form five of the six helices as alpha helices, residues 44-
47 (a3) form a short 31o-helix. The helices are interconnected by residues with lower B
factors that establish a central hydrophobic core (Figure 2-12a, b). Experimental B factors
are commonly used to predict the flexibility of amino acids and their sidechains, since
they describe the attenuation of X-ray scattering caused by dynamic disorder, due to the
temperature-dependent vibration of atoms, and static disorder within the protein structure
(Sun et al., 2019). Because lower B factors predict lower flexibility, it is assumed that the
hydrophobic core residues substantially stabilize the overall fold of NLRP9PYP, These
residues include Leul5 of al, Leul8 in the al-a2 loop, Phe26 and Leu30 of a2, Ile42 in
the 02-a3 loop, Leud7 of a3, Ala50 in the a3-a4 loop, Val55 and Leu59 of a4, Leu75 and

Phe76 of a5, Ile79 in the a5-a6 loop, and Leu84 of a6. As the hydrophobicity at positions
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in the central core of NLRP9"YP is conserved across other PYDs, the importance of the

hydrophobic core residues for domain stability is further confirmed (Figure 2-14a).
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Figure 2-12: Molecular characteristics of the NLRP9PYP, (a) Plot of individual B factors for each residue
of NLRP9PYP. Values for backbone (blue) and sidechains (red) were calculated separately. Sidechains
without occupancy were excluded. Secondary structure elements of NLRP9*YP are plotted above the
corresponding residue numbers. (b) Bottom view of NLRP9FYP (rotated by 90° about the x-axis relative to
Figure 2-11). Hydrophobic core residues stabilizing the six-helical fold in NLRP9*YP are shown as pink
sticks. A second hydrophobic cluster stabilizing the a2-a3 loop is shown as green sticks. (¢) Color-coded
(blue: positive, red: negative) electrostatic surface representation of NLRP9™YP generated with APBS
(Jurrus et al., 2018). Electrostatic potentials are given in units of keT/ec where kg is the Boltzmann constant,
T is the temperature and e. is the charge of the electron.

In contrast, residues with highest B factors for backbone and sidechains were found at the
N-terminus of al, the C-terminus of a6 and within the a2-a3 loop (Figure 2-12a).
Interestingly, the a2-a3 loop is stabilized by a second hydrophobic cluster formed by
residues Leu34, Phe37, and Leu39 interacting with Tyr63 of the a4-a5 loop, and Val71
of a5 (Figure 2-12b). Because raw B factors are dependent on resolution, crystal lattice,
and refinement procedures, they do not represent an absolute quantitative measure and
need normalization to allow comparison between different structures (Sun et al., 2019;
Zhang & Kurgan, 2014). However, the relative distribution of regions with lower and
higher raw B factors is equivalent for PYDs of other NLRPs (Bae & Park, 2011; Hiller et
al., 2003; Pinheiro et al., 2010), supposing regions with similar flexibility.
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While seeking for explanations why NLRP9PYP is not able to self-polymerize, next, the
electrostatic surface of the protein domain was analyzed (Figure 2-12c). It was striking
that the surface of NLRP9?YP mainly consists of polar residues with basic character
(theoretical pI of NLRP9PYP is 9.1), whereas clear acidic surface patches could only be
found in a rather small region of the a2-a3 loop and the very C-terminus of a6 (Figure
2-12c¢). As the filament-forming Pyrin domains of NLRP3, NLRP6 and AIM2 display
significantly different distribution of basic and acidic surface patches (data not shown),

this result prompted further investigation.

2.2.6 NLRP9P'P adopts a conformation compatible with filament formation

To draw conclusions about filament formation based on amino acids on the surface of
NLRPOPYD it is essential to analyze their relative location in the protein, meaning their
three-dimensional conformation. It is known that, upon formation of the filament, PYDs
can undergo large conformational changes with most prominent translational and
rotational transition of the flexible a2-a3 loop and its connected a2 and a3 helices (Lu et
al., 2015; Lu et al., 2014; Shen et al., 2019). Therefore, it was analyzed how the
conformation of these regions would change upon filament formation and whether
NLRP9?YP could undergo such transition without steric hindrance. For this purpose, the
structure of NLRP9PYP was overlaid and compared with structures of NLRP3PYD,
NLRP6PYP AIM2PYP and ASCPYP obtained from monomeric and filamentous

3 PYD

assemblies (Figure 2-13). Interestingly, conformations of NLRP were found to be

almost non-distinguishable between the monomeric and filamentous state. They both

closely resemble monomeric NLRP9PYDP

and superimpose well with root-mean-square
deviation (RMSD) values of 1.0 A and 0.8 A, respectively (Figure 2-13a). In contrast,
NLRP6PYP undergoes conformational changes upon filament formation (Shen et al.,
2019). But surprisingly, it was found that NLRP6PYP from the filament superimposes
better with NLRPOPYP (RMSD value of 1.2 A) as if compared with monomeric
NLRP6PYP (RMSD value of 1.6 A). Especially the orientation of the 02-a3 loop region
and the downstream o3 helix of filamentous NLRP6PYP is highly similar to NLRP9PYP,
whereas those regions in monomeric NLRP6PYP are oriented differently (Figure 2-13b).

For validation of these findings, NLRP9"YP was also compared to structures of the less

related AIM2PYP and ASCPYP (Figure 2-13c, d). Opposing the previous findings, both,

monomeric AIM2PYP and ASCPYP superimpose better with monomeric NLRP9PYP as if
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compared with their filamentous counterparts. They superimpose with RMSD values of
1.1 A and 1.7 A for AIM2PYP, and 1.3 A and 1.5 A for ASCPYP, respectively. However,
by comparing only the a2-a3 loop regions and the C-terminal helices of those molecules,
it is apparent that NLRP9*YP resembles the conformation of filamentous but not
monomeric AIM2 and ASC PYDs. Recapitulating, NLRP9*YP shares the orientation of

not only but especially the a2-a3 loop region with different filamentous Pyrin domains

and thus might already exists in a conformation compatible with filament formation.

== NLRPYPYP == NLRP9"P == NLRP9"”"P == NLRP9"P
== NLRP3P'P (monomer) == NLRP3""P (filament) == NLRP6PY® (monomer) == NLRP6P? (filament)

== NLRP9"P == NLRP9PY® == NLRP9PYP == NLRPYPYP
mm AIM2PYP (monomer) mm AIM2PYP (filament) mm ASCP® (monomer) mm ASCPYP (filament)

Figure 2-13: Conformational analysis of NLRP9?YP, Overlays of the here determined NLRP9*YP crystal
structure (PDB: 6Z2G) with different structures of filament-forming PYDs. (a) Overlay with the NLRP3FYP
crystal structure (PDB: 3QF2, chain A) and the NLRP3FYP filament structure (PDB: 7PZD). (b) Overlay
with the MBP-NLRP6PYP crystal structure (PDB: 6NDJ, chain A) and the NLRP6FYP filament structure
(PDB: 6NCV). (¢) Overlay with the MBP-AIM2FYP crystal structure (PDB: 3VD8) and the GFP-AIM2FYP
filament structure (PDB: 6MB2). (d) Overlay with the monomeric ASCFYP structure (PDB: 1UCP) and the
ASCPYP filament structure (PDB: 3J63).

2.2.7 Several amino acids of NLRP9 interfere with PYD filament formation

The high-resolution structural data of NLRP9"YP was used to address its inability to self-
polymerize at the molecular level. For this purpose, a structure-based sequence alignment
of NLRP9PYP and the filament-forming PYDs of NLRP3, NLRP6, AIM2, and ASC was
performed (Figure 2-14a). NLRP9YP (residues 8-94) displays sequence identities of
28.7%, 26.4%, 25.0%, and 21.8% with NLRP3?YP, NLRP6PYP, AIM2PYP and ASCPYD,
respectively (Figure 2-14a). As depicted in Figure 2-14b, assembly of PYD filaments
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relies on the formation of three asymmetric interfaces that mediate intra- and interstrand
interactions (Lu et al., 2015; Lu et al., 2014; Shen et al., 2019). It was hypothesized that
residues located in such interfaces and matching by charge or hydrophobicity in filament-

forming Pyrin domains might be mismatching in NLRP9*YP,
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Figure 2-14: Structural comparison of NLRP9PYP with filament-forming PYDs. (a) Structure-based
sequence alignment of the PYDs of NLRP9 with the filament-forming PYDs of NLRP3, NLRP6, AIM?2,
and ASC. Asp8 was included in the alignment, since density of the mainchain could be seen at lower sigma
level. For NLRP3, NLRP6, AIM2, and ASC, the filament structures are known (Hochheiser, Behrmann, et
al., 2022; Lu et al., 2015; Lu et al., 2014; Shen et al., 2019) and the residues forming the asymmetric
interfaces are highlighted with the indicated colors. Residues that form the hydrophobic core in NLRP9FYP
are shown in yellow boxes. Secondary structure elements of NLRP9*YP are plotted above the corresponding
sequence. (b) Chart of three flanking subunits in a typical PYD filament. They form unified type I, type II,
and type III interfaces with interface sides a and b, respectively. Subunits are labeled light blue, light green
and light magenta. (c-e) Detailed view of the residues forming the (¢) type I, (d) type II, and (e) type III
interfaces in a modeled and hypothetical filament of NLRP9™YP that is based on the NLRP3FYP and
NLRP6PYP filament structures. Residues of NLRP9 not matching conserved properties of amino acids at
equivalent positions in filament-forming PYDs are highlighted as pink sticks.

In fact, many residues at positions that are typically involved in filament formation, were
found to be charge inversed in NLRP9. This includes Asp8, Lys16, Argl9, Lys20, Glu46,
Lys48, Lys57, and Lys61 (Figure 2-14a). As well, positions with conserved
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hydrophobicity in filament-forming Pyrin domains were found to be substituted by
charged residues, such as Glu28 and Glu53 in NLRP9?YP (Figure 2-14a). Conversely,
Phe9 and Trp24 were found as large hydrophobic substitutions potentially prohibiting
NLRPYPYP filament formation due to steric clashes (Figure 2-14a).

While these findings could indeed explain the inability of NLRP9*YP to self-
polymerize, the presumed mismatches could compensate each other in the interfaces. This
would for example be the case, if residues not only being charge inversed on the ‘a’ side
but equally on the ‘b’ side, thereby preserving important interactions. To understand the
significance of the differences between NLRP9PYP

hypothetical NLRP9PYP filament was modeled based on the NLRP3*YP (PDB: 7PZD,
(Hochheiser, Behrmann, et al., 2022)) and NLRP6"YP (PDB: 6NCV, (Shen et al., 2019))

and filament-forming PYDs, a

filament structures. It was found that in the hypothetical type I interface Lys57 and Glu28
would indeed compensate each other and form a potential salt bridge (Figure 2-14c).
Moreover, Phe9 might be able to adopt a different conformation and orient in direction
of the proximal Leul2 and Leu29 to form hydrophobic interactions (Figure 2-14c¢). In
contrast, Trp24 and Glu53 might cause a plausible mismatch that interferes with
NLRPYPYP filament formation (Figure 2-14c¢).

In the type II interface, the only charge inversion found is Lys61 (type Ila, Figure
2-14d). Since both, positively and negatively charged residues (Glu22, Arg81, Asp83)
would be provided by the putative ‘b’ side, Lys61 could probably establish a salt bridge
similar to its acidic counterparts in filament-forming PYDs.

In the putative type III interface, it is apparent that Trp44 would cause a steric clash
with the mainchain of Glul7 in case the residue cannot adopt a different conformation
that allows to avoid this close proximity (Figure 2-14¢). However, in NLRP6PYD a
tryptophan residue is found at the same position but with different orientation of its
sidechain (Figure 2-14a, (Shen et al., 2019)). While Lys16 and Glu46 might form a salt
bridge and thereby compensate each other in a hypothetical filament, Argl9, Lys20,
Lys48, and Lys49 will most likely cause repulsive effects that prevent formation of such
interface in NLRP9PYP (Figure 2-14¢). In theory, Argl9 could interact with the close by
Glu28, which is otherwise part of the type I interface. But intramolecular interactions with
Lys31 and Glu22, respectively, might hinder the rearrangements needed for such
intermolecular interaction to occur (Figure 2-14¢). Taken together, several amino acids
of NLRP9PYP were found to likely interfere with the formation of type I and type III

interfaces, which are prerequisite for self-polymerization into filaments.
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2.2.8 NLRP9"'P does not display charge matching surface patches with ASC

To investigate the differences between human NLRP3PYP and NLRP9PYP in its ability to
nucleate ASC speck formation, the model of a hypothetical NLRP9"YP filament was
further analyzed. One ring of the human NLRP3"YP (PDB: 7PZD) and ASCPYP (PDB:
3J63) filament structures and a slice of the hypothetical NLRP9PYP filament was used to
calculate APBS-generated surface electrostatics (Jurrus et al., 2018) (Figure 2-15). Many
charged clusters in NLRP3PYP (pI = 6.1) are found to be inversed in NLRP9*YP (pI =9.1),
which might disrupt intra- and interstrand interactions in the filament. Additionally, basic
residues centering at the inner core ring of the hypothetical NLRP9PYP filament, might
cause strong repulsive forces that likely contradict such assembly (Figure 2-15,
NLRP9PYP top and bottom views). However, in the NLRP3PYP filament, similar forces
are caused by acidic residues that line the inner core ring and must be overcome by strong
attractive forces in the asymmetric interfaces to allow self-polymerization (Figure 2-15,
NLRP3PYP top and bottom views). In contrast, two rings of ASCPYP show three surface
patches matching by charge from the outer to the inner core ring (Figure 2-15, ASCPYP
top and bottom views), possibly explaining its high intrinsic tendency to form filaments

at neutral pH (Lu et al., 2014).
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Figure 2-15: Molecular analysis of ASC nucleation capability of NLRP9*YP, Color-coded (blue:
positive, red: negative) electrostatic surface representation of subunits of NLRP9PYP and filament slices of
NLRP3"YP, ASCFYP, and NLRP9'YP generated with APBS (Jurrus et al., 2018). The filament slice of
NLRP3"YP and ASCPYP was adapted from the NLRP3YP (PDB: 7PZD) and the ASCFYP (PDB: 3J63)
filament structures, respectively. Based on the NLRP3PYP and NLRP6YP filament structures, the slice
representation of a hypothetical NLRP9®YP filament was modeled using the crystal structure of the
NLRP9PYP monomer determined here (PDB: 6Z2G). Bottom views (A-ends) represent a superjacent slice
of the respective filament that was rotated by 180° about the y-axis and mirrored horizontally to show
interfacing regions in the filament at the same x/y coordinates of top and bottom views. Electrostatic
potentials are given in units of ksT/e. where kg is the Boltzmann constant, T is the temperature and e. is the
charge of the electron.
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Regarding nucleation of ASC specks, it is known that the ‘B-end’ of the NLRP3PYP
filament forms a seed for an interaction with the ‘A-end’ of a globular ASCPYP molecule
to subsequently induce ASC polymerization (Hochheiser, Behrmann, et al., 2022).
Indeed, surface patches formed at the ‘B-end’ of the NLRP3PYP filament and the ‘A-end’
of the ASCPYP filament are matching by charge, which is in great contrast to NLRP9*YP
(Figure 2-15). Although not excluding potential hydrophobic interactions between
NLRP9?YP and ASCPYP, no charge matching surface patches at interfacing positions
could be found. This might be another explanation why NLRP9PYP is not nucleating the

homotypic transition to ASCPYP,

2.3 Discussion and Conclusion

Already five years ago, rodent and human NLRP9 have been described to form an ASC
and caspase-1 dependent inflammasome in intestinal epithelial cells infected with
rotavirus (Zhu et al., 2017). While we have learned about molecular details of other
inflammasomes, understanding of the NLRP9 inflammasome is still widely elusive. Only
very recently, structural details about bovine NLRP9APYD could be achieved by using a
combination of electron microscopy and X-ray crystallography (Kamitsukasa et al.,
2022). The researchers were able to purify a monomer of bovine NLRPOAPYD and to
determine its X-ray crystal structure at 2.75 A resolution, revealing NLRP9 in the ADP-
bound inactive state. Interestingly, the structure of bovine NLRP9 is closely resembling
the NACHT-LRR region of a model of human NLRP9 generated using the AlphaFold2
server (Jumper et al., 2021) (Figure 2-6b). Using a variety of techniques, from thermal
shift denaturation to analytical gel filtration, it was found that full-length human NLRP9
also exists as a stable monomer in solution (Figure 2-3). Additionally, electron
microscopy revealed particles that fit in size and shape with both, the structure and model
of bovine and human NLRP9 (Figure 2-6a), respectively, indicating that monomers of
human NLRP9 are likely to represent the same ADP-bound inactive state.

NLRP9 comprises all motifs relevant for nucleotide binding and hydrolysis, including
the well conserved Walker A and Walker B motifs within the central NACHT domain
(Figure 2-1). However, the NLRP9 Walker B motif LFIMDGFEQ differs significantly
from the hhhhD[G/A/SThDE consensus sequence that was described for the NACHT
clade of STAND ATPases (Leipe et al., 2004). Importantly, mutational experiments on
the Walker B motif in NLRP3 (LFLMDGFDE) were performed by our group and
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revealed that the last acidic residue has an important function in ATP hydrolysis
(Brinkschulte, 2020). Therefore, it is reasonable to assume that NLRP9 hydrolysis
activity should generally be very low. In addition, hydrolysis activity is likely controlled
by the ‘glutamate switch’ mechanism (Zhang & Wigley, 2008). To my knowledge, yet,
no regulatory factor is known to drive this mechanism in NLRP proteins, but the
importance of this motif is strongly evidenced by the disease-related mutation R262W in
NLRP3, which is only two residues downstream of the expected position of the
‘glutamate switch’ motif and known to cause spontaneous inflammasome activation in
patients with CAPS (Baroja-Mazo et al., 2014). Interestingly, NLRP9 misses a polar
residue at the position where the sensor I motif is usually found (Figure 2-1) (Sandall et
al., 2020). Again, this suggests that NLRP9 might possess only very low ATP hydrolysis
activity, because the sensor I motif is thought to play an important role in the hydrolysis
reaction (Leipe et al., 2004). Instead, NLRP9 contains an arginine residue at a position
expected to be exposed and suitable to function as an arginine finger motif (Figure 2-1).
Such motif is rather rare in NLRP proteins (Sandall et al., 2020) but suggests that NLRP9
hydrolysis activity is increased in a multimeric assembly as is the case for some AAA+
ATPases (Tafoya & Bustamante, 2018). Indeed, upon incubation with ATP-Mg?",
NLRP9 adopts a different conformation and dimerizes, which is evidenced by a shift in
thermal shift denaturation (Figure 2-4b) and analytical gel filtration assays (Figure 2-5).
However, dimerization differs largely from the 10-12-mer found for active NLRC4
(Zhang et al., 2015) or the closely related and often ring-shaped hexameric AAA+
ATPases (Jessop et al., 2021), compromising the hypothesis of a fully active NLRP9. For
NLR proteins, that belong to the STAND ATPase family, it is thought that the
topologically conserved NACHT and LRR domains adopt a ‘closed’ and inactive
conformation and upon ATP binding shear open into the active conformation allowing
for subsequent oligomerization (Danot et al., 2009). In turn, nucleotide hydrolysis is
thought to convert energy for the rearrangement back to the inactive state (Danot et al.,
2009). For NLRP9 it is yet unknown if, and under which conditions, the protein
hydrolyses ATP to ADP. This question should be addressed in future studies by using a
multi-cycle turnover ATP hydrolysis assay established in the laboratory.

NLR proteins are kept autoinhibited in the inactive state by a combination of regulatory
mechanisms, including post-translational modifications (PTMs) (Yang et al., 2017). Yet,
differences in regulation are evidenced by the finding that, in contrast to NLRP9,

incubation of NLRP3 with 1 mM ATP-Mg?" does not alter its inactive decameric
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conformation (Hochheiser, Pilsl, et al., 2022). Interestingly, the tertiary structure of the
HD2 domain in bovine NLRP9 was reported to be different from NLRP3, NOD2, and
NLRC4, thus a different function was proposed (Kamitsukasa et al., 2022). One more
apparent difference between NLRP3 and NLRPY is the decameric versus monomeric
assembly of the inactive state. Notably, one intermolecular interface in the NLRP3
oligomer is established by an acidic loop that extends from an LRR transition segment
and is missing in NLRP9 (Figure 2-1) (Hochheiser, Pilsl, et al., 2022). Probably, high
concentrations of ATP are able to force the release of ADP in monomeric NLRP9, which
might result in a ‘semi-open’ conformation with formation of partial oligomerization
interfaces that allow for dimerization of the protein. Consequently, regulatory elements
still preserved in the inactive state might prohibit full activation of NLRP9 and further
oligomerization. However, initial observations should be confirmed by follow-up
experiments to strengthen conclusions.

Unique to NLRP9 is a C-terminal helix, which folds back into the concave site of the
NLRP9 LRR domain and was supposed to have regulatory function (Kamitsukasa et al.,
2022). Likewise, the NLRP3 acidic loop interacts with the concave site of the LRR
domain (Hochheiser, Pilsl, et al., 2022). Moreover, interaction of the NBD with the
concave site of the LRR domain has been shown and assumed for inactive NLRC4 and
NOD2, respectively (Hu et al., 2013; Maekawa et al., 2016). Additionally, also ligand
binding in NOD2 is supposed to happen at the concave site of the LRR domain (Maekawa
et al., 2016) and the NIMA-related kinase NEK7 was shown to bind to this same site in
NLRP3 to potentially license the NLRP3 inflammasome (Sharif et al., 2019). These
observations suggest a common autoinhibition mechanism based on intramolecular
interactions that can be abrogated by the binding of a corresponding ligand molecule.
This could explain why overexpression of NLRP9 in the absence of its rotavirus ligand
does not lead to ASC speck formation (Figure 2-2), but raises the question why other
inflammasome sensors such as NLRP3 (Figure 2-2, (Hochheiser, Behrmann, et al.,
2022)), NLRP6 (Shen et al., 2019), or AIM2 (Sester et al., 2015) behave quite differently.

As demonstrated by cellular and structural studies on NLRP3 and NLRP6, activation
of the inflammasome includes homotypic filament formation of then accessible PYDs
and successive nucleation of ASC polymerization (Hochheiser, Behrmann, et al., 2022;
Shen et al., 2019; Stutz et al., 2017). To simplify investigation of the NLRP9
inflammasome and unlink from potential regulatory mechanisms, PYDs of NLRP3 and

NLRP9 were further examined. Recapitulating, it could be shown that filamentous
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NLRP3PYP is indeed a robust nucleator of ASC specks in cells (Figure 2-9). In contrast,
findings on murine and human NLRP9PYP suggest that these molecules are neither able
to self-polymerize into filaments, nor to nucleate ASC speck formation (Figure 2-8,
Figure 2-9). Importantly, these results contradict the existence of an NLRP9-dependent
inflammasome and instead resemble the results of a study on NLRP11, which claimed
that the protein does not interact with ASC but rather suppresses NF-kB and type I
interferon response - two key pathways in innate immunity (Ellwanger et al., 2018).
Determination of a high-resolution structure of human NLRP9*YP allowed for the
analysis of molecular characteristics that differ from filament-forming PYDs. In addition
to several residues that form a conserved hydrophobic core and stabilize the typical death
domain fold, additional residues were identified that form a hydrophobic cluster with the
a2-a3 loop region potentially restricting its conformation (Figure 2-12b). In contrast, this
loop region was reported to be flexible and undergo most prominent conformational
changes upon formation of the filament in e.g., NLRP6°YP (Shen et al., 2019). Strikingly,

OPYD was found to resemble the conformation of filamentous but not

monomeric NLRP
monomeric NLRP6, AIM2, and ASC PYDs in terms of the a2-a3 loop and the
conformation of the C-terminal helix (Figure 2-13). Similar with NLRP9®YP  also
NLRP3PYD features a hydrophobic cluster that stabilizes the conformation of the 02-03
loop region. Thus, it was not surprising that the conformation of NLRP9PYP is similar
with both, monomeric and filamentous NLRP3PYP (Figure 2-13). In conclusion, this
supports the hypothesis that the conformation of monomeric NLRP9*YD is already
compatible with filament formation and in consequence, its inability to form filaments
might not result from conformational restraints. Instead, a number of residues that likely
interfere with the formation of type I and type III asymmetric interfaces could be
identified (Figure 2-14). Particularly basic residues that dominate the inner core ring of a
hypothetical NLRP9PYP filament, cause strong repulsive forces that most likely disrupt
filament formation, since they cannot be compensated by interfacing residues matching
by charge or hydrophobicity (Figure 2-15). Furthermore, by assessing surface
electrostatics of the ASCPYP filament, no interfaces that would match in charge
complementarity with NLRP9?YP could be found, whereas such interfaces were clearly
present for NLRP3PYP (Figure 2-15). However, these results are of rather low evidence,
since investigation of polar and hydrophobic contacts as well as potential post-
translational modifications were not included in the analysis. To examine and

conclusively show such relationships, extensive mutational studies would be needed.
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In a similar study by Ha & Park, the results obtained on the structure of NLRP9*YP have
been widely confirmed (Ha & Park, 2020). They found in addition that NLRP9"YP is also
able to form dimers in solution and proposed that a bent N-terminal loop might sterically
clash with subunits in the filament, thereby regulating its assembly. Interestingly, this
loop was found to be disordered in the crystal structure presented here (Figure 2-11),
indicating rather loose interaction after cleavage of the N-terminal GST tag. Still, no signs
of self-polymerization could be found, arguing against a hypothesis that this regulatory
element might solely be responsible for the inability of NLRP9PYP to form filaments.
While ‘dimer domain swapping’ was described as a mechanism of how Pyrin domains
might be able to dimerize (Eibl et al., 2014), it cannot explain the ability of NLRP9?YP to
form dimers in solution. The study introduced a cluster of three residues in a6 of PYDs,
that are described as the Glu-Arg-Asp charge relay, which were found to stabilize the
arrangement of helix a6 and its preceding loop through salt bridge formation with helix
a2 (Eibl et al., 2014). In NLRP14PYP the central arginine is substituted by a leucine,
resulting in rather loose coordination of a6 and the concomitant formation of a long a5-
a6 stem helix, which provides an interface for the concentration-dependent transition
from monomer to dimer (Eibl et al., 2014). In contrast, the pattern of charged residues is
contained in NLRP9 (E22-R81-D83). Thus, the observation of stable and completely
monomeric but not dimeric NLRP9"YP (Figure 2-8) is in accordance with the described
mechanism. However, presence of the Glu-Arg-Asp charge relay does not exclude dimer
formation by a different mechanism or account for the inability of NLRP9PYP to form
filaments.

Post-translational modifications represent a common mechanism for the regulation of
inflammasomes (Yang et al., 2017) but also other PRRs (J. Liu et al., 2016). The delicate
balance of activation and inhibition by PTM regulation is exemplified by the well-studied
NLR family member NLRP3. While a single phosphorylation of Ser5 in the Pyrin domain
completely abrogates self-polymerization, phosphorylation of Ser198 is known to be
essential for NLRP3 activation and inflammasome formation (Song et al., 2017; Stutz et
al., 2017). Likewise, one can easily imagine that a single phosphorylation in NLRP9*YP
could drive interaction of the otherwise basic and repulsive interfaces to enable filament
formation. Thinking in the same direction, enzymes, interaction partners, or cofactors
regulating NLRP9 activity might be missing in the experimental setup, which hitherto
relies on the expression of recombinant protein and use of the artificial HEK293T cell

system. Thus, fundamental knowledge about proteins and cofactors that regulate NLRP9
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could improve future attempts to successfully assay the NLRP9 inflammasome. For
instance, DHX9 is known to be endogenously expressed by HEK293T cells (The Human
Protein Atlas, (Karlsson et al., 2021)) but it is so far unknown which domains participate
in the interaction with NLRP9, what is the consequence of this interaction, and how viral
RNA might trigger such event while endogenous RNA does not.

Because NLRP6 is highly expressed together with NLRPO in the intestine of mammals
(Zhu et al., 2017), it is quite possible that NLRP6 and NLRP9 function synergistically to
form an inflammasome. This would be in line with the ‘domino-like’ activation
mechanism of murine NLRC4 that is induced by ligand-bound and activated NAIPs (Hu
et al., 2015; Tenthorey et al., 2017; Zhang et al., 2015). Significant hints might be the
findings, that the intestines of NLRP6-deficient mice show increased viral loads when
challenged with rotavirus and that both sensors detect viral RNA by utilizing RNA
helicases of the DHX family (Mullins & Chen, 2021; Xing et al., 2021). Importantly,
NLRP6 is not expressed by HEK293T cells (The Human Protein Atlas, (Karlsson et al.,
2021)), which could explain the inability of NLRP9 to form filaments and induce ASC
polymerization in this cellular system. To meet the need of further interaction partners
not expressed in HEK293T cells, NLRP9 inflammasome formation could be examined in
organoid cultures of IECs. For completion, it is also possible that NLRP9*YP is not
involved in oligomerization, or vice versa, synergism with the NACHT or LRR domain
is required. But since a number of previous studies on different inflammasome effector
domains (Li et al., 2018; Lu et al., 2015; Shen et al., 2019) together with the findings on
NLRP3"YP  (Figure 2-9) showed their sufficiency in filament formation and
inflammasome activation, these hypotheses are rather unlikely. Furthermore, homotypic
interaction motifs of the death-fold superfamily are indeed well known to be involved in
the assembly of other multimeric signaling complexes, such as the Myddosome, the p53-
induced protein with a death domain (PIDD)osome, and the Fas receptor/FADD death
inducing signaling complex (DISC) (Kersse et al., 2011).

While also highly expressed in reproductive organs, mammalian NLRP9 has been
implicated to play a role in preimplantation embryo development (Kufer & Sansonetti,
2011). Since mice harbor three Nlrp9 genes with potential functional redundance (Mullins
& Chen, 2021; Tian et al., 2009), this connection was difficult to be investigated and
could only recently been proven by a study of NLRP9 triple mutant mice (Kanzaki et al.,
2020). Interestingly, interleukin-13 was found to be a critical player in mouse blastocyst

hatching and implantation (Pathak et al., 2021) but NLRP9 could also have a distinct role
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that does not link with inflammasome formation in the reproductive system. These
observations emphasize the need to extend investigations on the tissue specific functions
of NLRPY, which further underline its likely tight regulation.

In conclusion, the function of NLRP9 and the formation of an NLRP9-mediated
inflammasome are controversial, and the molecular details of its regulation are still
largely unknown. However, further insights would be valuable to develop strategies for

therapeutic interventions in diseases related to its dysregulation.
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human NLRP12

Some work presented in this chapter was accomplished in cooperation with other
members of the Institute of Structural Biology (University of Bonn). Inga Hochheiser
performed grid preparation and imaging using the facility for electron microscopy at the
Max Planck Institute for Neurobiology of Behavior — Caesar (Bonn). Christoph
Winterberg performed ATPase assays with mutant NLRP12 as part of his master thesis
that was supervised by me. Dr. Rebecca Brinkschulte provided ASC-mCherry protein for
pulldown experiments with NLRP12PYP, Dr. Kanchan Anand performed crystallization
trials of human NLRP12NACHT protein. Dr. Karl Gatterdam instructed me in performing
surface plasmon resonance spectroscopy (SPR) experiments. All mass spectrometry
analyses were conducted by the group of Prof. Dr. Henning Urlaub at the Max Planck

Institute for Multidisciplinary Sciences in Gottingen.
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3.1 Functional analysis of human NLRP12

NLRP12 was first described in 2002 as an inflammasome component that interacts with
ASC to activate caspase-1 (Wang et al., 2002). In line, mutations in the Nlrp12 gene have
been reported to cause autoinflammatory disease, which is accompanied by hereditary
periodic fever and spontaneous secretion of IL-1B from peripheral blood mononuclear
cells (PBMCs) (Jeru et al., 2008; Jeru et al., 2011; Wang, 2022). Later the NLRP12
inflammasome was demonstrated to recognize strains of Yersinia pestis and Plasmodium
vivax but its direct ligand remained unknown (Ataide et al., 2014; Vladimer et al., 2012).
In contrast, NLRP12 was shown to antagonize pro-inflammatory TLR and TNFR
signaling by interfering with the central NF-xB and MAPK pathways (Tuladhar &
Kanneganti, 2020). Mechanistically, NLRP12 has been shown to associate with IRAK1,
NIK, TRAF3, and NOD2 to prevent hyperphosphorylation or regulate proteasomal
degradation (Allen et al., 2012; Lich et al., 2007; Normand et al., 2018; Williams et al.,
2005). Physiologically, NLRP12 regulates tissue homeostasis and diversity of commensal
bacteria to prevent adverse autoinflammation and tumorigenesis, especially in the
gastrointestinal tract and liver (Allen et al., 2012; Castano-Rodriguez et al., 2014; Chen
et al., 2017; Khan & Zaki, 2020; Truax et al., 2018). This might also include localization,
recruitment, and differentiation of dendritic cells, neutrophils, and T-cells (Arthur et al.,
2010; Cai et al., 2016; Gharagozloo et al., 2018; Ulland et al., 2016; Wang et al., 2018;
Zamoshnikova et al., 2016). However, NLRP12 can also regulate anti-viral response. In
steady state, NLRP12 inhibits the ubiquitin ligase TRIM25 and upon infection with
vesicular stomatitis virus is downregulated to allow activation of RIG-I (Chen et al.,
2019). In contrast, NLRP12 was found to enhance type I interferons and interferon-
stimulated genes upon infection with dengue virus (X. Li et al., 2021). NLRP12 is also
cleaved by the Nsp5 (nonstructural protein 5) main protease of SARS-CoV-2, which
might result in enhanced production of cytokines in COVID-19 patients (Moustaqil et al.,
2021). An article that reviewed the controversial function of NLRP12 in more detail is
given elsewhere (Tuladhar & Kanneganti, 2020).

Dysregulation of NLRP12 has been linked with many inflammatory diseases, including
Kawasaki disease, acute glaucoma, arthritis, multiple sclerosis, lung inflammation, and
glioma (Chen et al., 2020; Gharagozloo et al., 2018; Huang et al., 2018; Y. Jin et al.,
2017; Sharma et al., 2019; Wang et al., 2022). However, its regulation and diverse
activation mechanisms have barely been investigated. Here I present data that provides a

basic functional analysis of NLRP12. The primary structure of human NLRP12 is
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compared to NLRP3, which allows the assignment of important sequence motifs.
Moreover, NLRP12-dependent ASC speck formation is shown in a HEK293T cell
overexpression system. Functionally, recombinant NLRP12 is found to mainly form

aggregates that possess ATPase and adenylate kinase activity with unknown implication.

3.1.1 Domain architecture and sequence motifs in NLRP12

Together with the ANIrp9 gene, the gene coding for human NLRP12 (ANlrp12) is located
on the reverse strand of chromosome 19. It contains 10 coding exons, encoding six
isoforms produced by alternative splicing (Ensembl: ENSG00000142405), of which
isoform 1 has been defined as the canonical sequence (Uniprot: P59046). The protein
consists of 1,061 amino acids with a calculated mass of approximately 120 kDa and a
theoretical isoelectric point (pI) of 6.59. Except for the PYD, no structural information is
yet available for NLRP12 (T. Jin et al., 2017; Pinheiro et al., 2011). Thus, as already
performed for NLRP9 (Figure 2-1), a detailed primary structure analysis of NLRP12
combined with a sequence alignment with NLRP3 was conducted (Figure 3-1). The
overall sequence identity between full-length NLRP3 and NLRP12 was determined to be
49.16%, which reflects that both proteins are highly related in terms of their structure but
still different enough to allow for distinct functions.

In NLRP12, the N-terminal Pyrin domain spans amino acids 1-95 and is connected
with the following FISNA domain (aa 120-208) by a 24 amino acid linker. As stated
previously, the FISNA domain in NLRP3 contains a polybasic cluster with 10 out of 17
aa being positively charged and found to be key for NLRP3 inflammasome activation
upon cellular potassium efflux (Tapia-Abellan et al., 2021). Additionally, SP
phosphorylation sites, which become phosphorylated during priming and are prerequisite
for NLRP3 deubiquitination and subsequent inflammasome activation, are found in the
NLRP3 FISNA domain (Paik et al., 2021). Similar to NLRP3, in NLRP12 a polar cluster
with yet unknown function spans aa 120-136 and contains 6 basic residues together with
3 acidic residues. Although the cluster contains less basic and more acidic residues as if
compared with NLRP3, the overall basic charge of this cluster is shared among both
proteins. In contrast, the phosphorylation site Ser198 in human NLRP3 is not conserved
in human NLRP12, where the serine is substituted with a histidine and followed by a
glutamine (aa 188-189). But a second SP motif is found in both proteins (aa 192-193;
NLRP3: aa 201-202) and might be phosphorylated to potentially regulate their activation.
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Figure 3-1: Sequence alignment of NLRP3 and NLRP12. The amino acid sequence of human NLRP3
isoform 2 (Uniprot accession number: Q96P20) and human NLRP12 isoform 1 (Uniprot accession number:
P59046) was aligned using Clustal Omega (Madeira et al., 2019). Identical amino acids in both proteins are
boxed. The secondary structure assignment was generated from NLRP3 (PDB: 7PZC, (Hochheiser, Pilsl,
et al., 2022)) using ESPript 3.0 (Robert & Gouet, 2014). Helices are shown as squiggles and beta strands
are shown as arrows. Domain boundaries are based on the NLRP3 structure and highlighted as Pyrin domain
(PYD: bluewhite), fish-specific NACHT associated domain (FISNA: skyblue), nucleotide binding domain
(NBD: wheat), helical domain 1 (HD1: raspberry), winged helix domain (WHD: deepolive), helical domain
2 (HD2: deepteal), transition leucine-rich repeat domain (trLRR: violetpurple), and canonical leucine-rich
repeat domain (cnLRR: lightpink). Important motifs in NLRP3 are depicted below the sequence. a: alpha-
helix, n: 310-helix, B: beta-strand.
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Apart from differences in the FISNA domain, the NACHT domain is well conserved
between both proteins. The NBD of NLRP12 (aa 209-363) contains a classical Walker A
and an extended Walker B motif, typical for STAND ATPases of the NACHT clade
(Danot et al., 2009; Leipe et al., 2004). Moreover, Asn251 and Arg343 correspond well
to the putative ‘glutamate switch’ and ‘sensor I’ motifs, respectively. Also, the HD1 (aa
364-425) and WHD (aa 426-531) of NLRP12 contain the residues Pro404 and His514,
which are highly conserved in the NLRP family and essential for nucleotide binding and
protein conformation (Sandall et al., 2020). The HD2 spans aa 532-632 and completes
the NACHT domain, which ties into the C-terminal LRR domain.

Depending on the variability in length and composition of the individual repeats, the
LRR domain can be subdivided in a transition and a canonical segment. While the
canonical LRR region of NLRP3 aligns well with the very C-terminal sequence of
NLRP12 (aa 772-1061), the region of the transition LRR (aa 633-771) differs
significantly. The region is much longer in NLRP12 as if compared with NLRP3 and
therefore difficult to be predicted by sequence alignment. However, a model of human
NLRP12 generated with AlphaFold2 (Jumper et al., 2021) predicts four LRR repeats with
alternating beta strands and alpha helices but variable length of the beta strands. This
alternating pattern is interrupted by an extension of aa 667-698 that forms a loop similarly
found in NLRP3 (Hochheiser, Pilsl, et al., 2022). In NLRP?3, this loop contains an acidic
cluster, which mediates contact between two opposing LRRs in an inactive decameric
conformation (Hochheiser, Pilsl, et al., 2022). Interestingly, charged residues but no
acidic cluster could be found in the supposed loop region in NLRP12. In summary,
NLRP12 displays a similar overall architecture with NLRP3 by sharing the fundamental
domain composition and many of the functionally important motifs, but with slight

variations that might indicate different regulation and function.

3.1.2 Overexpression of NLRP12 triggers ASC speck formation

As shown in the previous chapter, NLRP3 has the capability to nucleate ASC speck
formation when overexpressed in the HEK293TASC-BEP cel] system (Figure 2-2). Since it
has been previously demonstrated that also NLRP12 cooperates with ASC to promote
caspase-1 activation and production of IL-1f in a PYD-dependent manner (Wang et al.,
2002), the protein has been assayed in the same experiment (Figure 3-2). In contrast to

the control and similar with NLRP3, transfection of NLRP12 induced robust formation
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of ASC specks in a dose-dependent manner. This result confirms the capability of
NLRP12 to interact with ASC and trigger its polymerization, which is a hallmark of ASC-

dependent inflammasomes (Lu et al., 2014).

control Wl NLRP3 NLRP12

50

mCitrine positive cells with speck (%)

SRS S NP ESS NP SS
NS NS N PSS

transfected DNA (ng)

Figure 3-2: Analysis of ASC speck formation in cells overexpressing NLRP12. Plasmids coding for
human NLRP3 or NLRP12 under a CMV promoter were transfected into HEK293T cells stably expressing
ASC-BFP fusion protein. To follow promoter activity, mCitrine was simultaneously expressed via an
internal ribosomal entry site (IRES). In case of the control the transfected plasmid did not contain the
NLRP3 or NLRP12 coding sequence. mCitrine positive cells have been analyzed by flow cytometry for the
presence of ASC specks. Data for control and NLRP3 are also shown in Figure 2-2. Bars are representative
of two technical replicates. n =1 + SD.

3.1.3 Towards the structure determination of full-length NLRP12

To gain mechanistic insights into the regulation and function of the NLRP12
inflammasome, structural information about NLRP12 was tried to be obtained following
different purification strategies (Figure 3-3a). First, the protein was recombinantly
expressed as N-terminal MBP-fusion protein in the Sf9 insect cell system and purified by
affinity chromatography. Since cleavage of the MBP tag led to precipitation and complete
loss of the protein, the buffer conditions have been extensively optimized to stabilize and
solubilize NLRP12 (data not shown). Using subsequent size-exclusion chromatography
the cleaved MBP tag could be separated but NLRP12 eluted in the void volume
corresponding to a molecular weight of >6,000 kDa (Figure 3-3b). The solubility and
purity of the protein was confirmed by SDS-PAGE analysis (Figure 3-3c) but as already
apparent from the elution volume, electron microscopy revealed that NLRP12 was mostly

aggregated and not applicable to structure determination (Figure 3-3d).
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Figure 3-3: Purification and electron microscopy of human NLRP12. (a) Graphical representation of
two different NLRP12 purification strategies based on size-exclusion chromatography and sucrose density
gradient centrifugation. (b) Representative chromatogram of NLRP12 injected onto a Superose 6 PG XK
16/70 size-exclusion column after affinity purification and tag cleavage. Elution of protein was followed
via the absorbance at 280 nm wavelength. Grey area indicates pooled fractions. (¢) Coomassie-stained
samples from different steps of the purification process and fractions from (b) after reducing SDS-PAGE.
M: marker, AC: affinity chromatography, TEV: tag cleavage using TEV protease, SUP: supernatant after
centrifugation. (d) Negative stain EM image of 0.075 mg'ml! NLRP12 after size-exclusion
chromatography, recorded by Inga Hochheiser (University of Bonn). (¢) Coomassie-stained samples from
fractions of the sucrose gradient after reducing SDS-PAGE. The star indicates the fraction analyzed in
electron microscopy. M: marker. (f) Negative stain EM image of NLRP12 after sucrose density gradient
centrifugation, recorded by Inga Hochheiser (University of Bonn).

In contrast, full-length NLRP3 was found to exist in two distinct species that classify by
the phosphorylation status of Ser198 in the FISNA domain (Hochheiser, Pilsl, et al.,
2022). While phosphorylated NLRP3 also forms aggregates, dephosphorylated NLRP3
is a defined and stable decamer (Hochheiser, Pilsl, et al., 2022). Indeed, peptide mass
fingerprint analysis of NLRP12 revealed enrichment of phosphorylation at Ser192 in the
FISNA domain but also Ser755 in the LRR domain. The consequence of phosphorylated
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Ser755 is completely unknown but assuming phosphorylation of Ser192 in NLRP12 is
redundant with phosphorylation of Ser198 in NLRP3, recombinant NLRP12 might have
a primed status with higher tendency to self-associate (Swanson et al., 2019).

One more hypothesis was that the fluid flow generated by the pumps used in column-
based purification methods could create shear forces that might have disrupted the
delicate ‘closed’ conformation of inactive NLRP12. Thus, the purification strategy was
changed to a milder approach including gravity-based affinity purification and sucrose
density gradient centrifugation (Figure 3-3a). SDS-PAGE analysis of the fractionated
sucrose gradient revealed that NLRP12 (MW = 120,317 Da) peaked in higher
concentrations of sucrose and could be separated from TEV protease (MW = 28,400 Da)
supplemented for the tag cleavage, and the cleaved MBP tag (MW = 41,349 Da, Figure
3-3e). Strikingly, the SDS-PAGE analysis revealed another protein with an apparent
molecular weight of roughly 55 kDa that is found to form a 1:1 complex with NLRP12
(Figure 3-3e). Peptide mass fingerprint analysis identified proteins of the tubulin
superfamily, including a-tubulin subtype TUBA2 and B-tubulin subtypes TUBB2A and
TUBB2C. Interestingly, this indicates that NLRP12 can associate with microtubules in
cells — an observation that was previously made in a study on the NLRP3 and Pyrin
inflammasomes (Magupalli et al., 2020). Investigation of this complex by electron
microscopy, showed single particles with a diameter of ~38 nm (Figure 3-3f),
corresponding to an oligomeric assembly but not tubular structures. The particles have
been homogenous in size but still, attempts to determine their structure failed, since no
defined class sums could be calculated from the negative stain EM datasets. This indicates
that the particles are not well enough structured and inhomogeneous in conformation,
reflecting the possibility that they might rather represent fractured aggregates instead of

defined oligomers.

3.1.4 NLRP12 shows ATPase and adenylate kinase activity in vitro

All known functions of NLRP3 and NLRP12 were found to rely on intrinsic ATPase
activity of the proteins, emphasizing an important role for ATP binding and hydrolysis in
the regulation of inflammasomes (Duncan et al., 2007; MacDonald et al., 2013; Ye et al.,
2008). To investigate the hydrolysis activity of NLRP12, an assay based on ion-pairing
reverse phase HPLC was established (methods section). Surprisingly and in contrast to a

previous study (Ye et al., 2008), MBP-tagged NLRP12 did not exhibit ATPase activity
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under the conditions tested (Figure 3-4a). In addition, it was already established in the
laboratory that MBP-NLRP3 purified under more simplified buffer conditions was able
to hydrolyze ATP and that the products of this enzymatic reaction could indeed be
measured and quantified using the HPLC-based method (Brinkschulte, 2020; Hochheiser,
Pilsl, et al., 2022). Thus, MBP-NLRP12 was purified under different buffer conditions
screening the reason for inhibition of hydrolysis activity. Presence of the zwitterionic
surfactant CHAPS during lysis of the cells did render NLRP12 inactive, while excluding
CHAPS from the lysis buffer resulted in active protein (Figure 3-4b). Altering other
conditions, such as salt or pH, did not inhibit ATPase activity of NLRP12 (data not
shown).

Interestingly, it was observed that not only ATP is converted to ADP but a minor
fraction is also further converted to AMP (Figure 3-4b). A similar finding was made
previously for MBP-NLRP3 and it was proposed that NLRP3 has adenylate kinase
activity (Brinkschulte, 2020). Adenylate kinases catalyze the conversion of two
molecules of ADP into one molecule of AMP plus ATP and vice versa (Dzeja & Terzic,
2009). To elucidate if NLRP12 is able to conduct this enzymatic reaction, MBP-NLRP12
was next incubated in the presence of magnesium chloride and ADP to monitor the
generation of AMP as a potential product of such reaction. Since NLRP12 possesses
ATPase activity, it was assumed that the generated ATP product might be instantly
hydrolyzed. However, the consumption of ADP together with the generation of AMP but
also ATP could be observed (Figure 3-4c), indicating that NLRP12 has adenylate kinase
activity.

To understand whether nucleotide binding or hydrolysis induces conformational
changes in MBP-NLRP12, thermal stability was investigated using thermal shift
denaturation assays (Figure 3-4d). Incubation of MBP-NLRP12 with 100 uM ADP or
ATP and in the presence of 5 mM magnesium chloride did not alter its apparent melting
temperature and thus the thermal stability. This suggests that NLRP12 does not undergo
extensive and thus measurable conformational changes upon binding and hydrolysis of
ATP or ADP. In line with the finding that NLRP12 is mostly aggregated, it is likely, that
the protein is not well folded and thus, not able to switch between the autoinhibited and
active conformation. It can be rather predicted that due to oligomerization and
aggregation, NLRP12 is trapped in an artificially ‘open’ but still enzymatically intact
conformation where the exchange of nucleotides occurs freely and the molecular switch

mechanism is undermined.
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Figure 3-4: ATPase and adenylate kinase activity of human NLRP12. (a-¢) Hydrolysis assay based on
ion-pairing reverse phase HPLC. MBP-NLRP12 was purified (a) in the presence or (b-¢) in the absence of
the zwitterionic surfactant CHAPS and thereafter 3 pM of the protein was incubated with 5 mM MgClz and
(a-b) 100 uM ATP or (¢) 200 uM ADP at 25°C. Every 10 minutes a sample was injected onto a Chromolith
Performance RP-18 HPLC column and elution of nucleotides was followed via the absorbance at 259 nm
wavelength. The area under the curve was used to calculate the peak ratios and subsequently estimate the
concentration of nucleotides. Dashed lines indicate injections. (d) Thermal shift assay of 3 uM MBP-
NLRP12 in the presence of 5 mM MgClz and 100 uM ADP or ATP. The measurement was setup with a
temperature ramp ranging from 20-95°C, a slope of 2°C-min™!, and a 50% laser intensity. Apparent melting
temperatures (7wm) of the samples are depicted as dashed lines.
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3.1.5 NLRP12 mutants show decreased ATPase activity

To investigate the mechanism of ATP hydrolysis and to further validate that measured
enzymatic activity is indeed dependent on NLRP12, several mutations in the ATP binding
site were introduced by site-directed mutagenesis. To anticipate the mechanistic effect of
such mutation, a model of the nucleotide binding site in human NLRP12 bound to
ADP-Mg?" was generated (Figure 3-5a). The model is based on the structure prediction
from AlphaFold2 (Jumper et al., 2021) and the crystal structure of NLRP3 presented in a
subsequent chapter of this thesis (Figure 4-4). Of note, all mutations were designed to
affect ATPase activity but maintain the integrity of the NLRP12 fold in the nucleotide
binding site. However, purification of most mutants did yield significantly less protein as

if compared with wildtype NLRP12, limiting the number of experiments.

(o)
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product ADP (uM)

Figure 3-5: ATPase activity of mutant NLRP12. (a) Ribbon representation of a model of the nucleotide
binding site in human NLRP12. Important sidechains are represented as sticks. The model is based on the
structure prediction from AlphaFold2 (Jumper et al., 2021) and the NLRP3 crystal structure presented in a
subsequent chapter of this thesis. Coloring of the ribbon representation is based on the domain boundaries
established in Figure 3-1. (b) Hydrolysis assay based on ion-pairing reverse phase HPLC performed by
Christoph Winterberg (University of Bonn). NLRP12 was mutated in Walker A (A), glutamate switch (E-
S), Walker B (B), sensor I (S-1), or the conserved histidine (H) in the winged helix domain. 2.5 pM of
wildtype or mutant MBP-NLRP12 was incubated with 5.5 mM MgClz and 111 uM ATP at 25°C. Every 10
minutes a sample was injected onto a Chromolith Performance RP-18 HPLC column and elution of
nucleotides was followed via the absorbance at 259 nm wavelength. The area under the curve was used to
calculate the peak ratios and subsequently estimate the concentration of ADP as the product of the
enzymatic reaction. Each set of six bars represents data for one variant with measurements at 0, 10, 20, 30,
40, 50, and 60 minutes, respectively. Data are mean = SD of n = 1-2 independent experiments.

The overall requirement for the catalysis of the ATP hydrolysis reaction is the correct
positioning of the phosphate groups of the nucleotide, the magnesium ion, the coordinated
water molecules, and the catalytic residues of the Walker B motif. The Walker A motif
(or P-loop) includes the most commonly mutated lysine residue that makes contact with
the - and y-phosphates of the nucleotide (Figure 3-5a, (Wendler et al., 2012)). Since
exchange typically abrogates nucleotide binding (Wendler et al., 2012), this residue was
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substituted with an alanine (K223A). When ATP hydrolysis experiments were performed,
this mutant showed unexpectedly high activity compared to the wildtype protein (Figure
3-5b). For that reason, the experiment should be repeated in future studies to confirm
initial observations with independently purified protein.

In patients suffering from CAPS disease, the mutation R262W was found to cause
hyperactivation of NLRP3 and spontaneous inflammasome activation (Booshehri &
Hoffman, 2019). Arg262 in NLRP3 corresponds to Arg253 in NLRP12 and is only two
residues downstream of Asn251, which was described above to be a potential ‘glutamate
switch’ motif. In the model however, the catalytic Glu298 from the Walker B motif is
oriented towards Arg253 and not Asn251 (Figure 3-5a), which suggests that Arg253 is
the ‘glutamate switch’ motif that regulates ATPase activity in NLRP12. Thus, Arg253
was exchanged with a tryptophan and its effect was investigated using the ATPase assay
(Figure 3-5b). Interestingly, the mutant showed no change in ATPase activity, suggesting
that this mutation may instead destabilize the autoinhibited resting state of NLRP12.

The negatively charged residues of the Walker B motif are important for the positioning
of the water activating magnesium ion and the priming of this water molecule for a
nucleophilic attack on the y-phosphate of ATP (Wendler et al., 2012). While Asp297
might align the nearby Arg343 (sensor I motif), Asp294 and Glu298 might interact with
water molecules surrounding the magnesium ion in NLRP12 (Figure 3-5a). Thus, ATPase
activity was expected to be reduced by mutation of these residues. Indeed, mutation of all
three residues did result in decreased ATPase activity with the most prominent effect for
the E298Q mutant (Figure 3-5b).

The role of the sensor I motif in ATP hydrolysis is not yet completely clarified and
several studies rather suggest different functions in different proteins. This includes
stabilization of the negative charge of the reaction intermediate, positioning of the
attacking water molecule, and transmission of its movement upon engagement with the
nucleotide to mediate conformational changes (Leipe et al., 2004; Wendler et al., 2012).
Mutation of Arg343 to the polar but significantly shorter threonine (as in NLRC4 (Sandall
et al., 2020)), did result in decreased ATPase activity of NLRP12 (Figure 3-5b), arguing
that the sensor I motif in NLRP12 participates in ATP hydrolysis.

The conserved histidine in STAND ATPases is located at the end of the WHD and
interacts with the B-phosphate of ADP, resulting in a ‘closed’ conformation where the
WHD folds back towards the nucleotide binding site and renders the bound nucleotide
inaccessible (Figure 3-5a, (Danot et al., 2009)). In line with the assumption that
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aggregated NLRP12 adopts an artificial ‘open’ conformation, mutation of His514 to

glutamate did not show any effect on the ATPase activity of NLRP12 (Figure 3-5b).
Overall, the mutation studies on NLRP12 show that changes in amino acids involved

in ATP binding and hydrolysis result in decreased enzymatic activity, confirming that the

measured ATPase activity is indeed dependent on NLRP12.

3.2 Functional investigation of the NLRP12 Pyrin domain

In current opinion, polymerization of effector domains is required for the interaction with
ASC and subsequent assembly into speck-like structures, which are a hallmark of ASC-
dependent inflammasomes (Lu et al., 2014). Importantly, it was found that NLRP12 is
capable to nucleate ASC speck formation, when overexpressed in HEK293T cells and the
underlying interaction is dependent on its Pyrin domain (Figure 3-2, (Wang et al., 2002)).
The structure of the NLRP12 Pyrin domain has been solved by NMR spectroscopy and
X-ray crystallography in two independent studies, but its capability to form filaments has
so far never been investigated (T. Jin et al., 2017; Pinheiro et al., 2011). In contrast, one
of the studies even implied a role of NLRP12 in apoptosis rather than pyroptosis by
showing direct interaction of its Pyrin domain and the UBA domain of the pro-apoptotic
protein Fas-associated factor 1 (Pinheiro et al., 2011).

This part of the thesis presents an analysis on the capability of NLRP12FYP to self-
polymerize into filaments and to interact with ASC in vitro. 1 found that recombinant
human NLRP12PYP forms a stable monomer in solution and does not polymerize into
filaments in vitro or in cells. Consequently, NLRP12PYP does also not directly interact
with ASC under the conditions tested. Based on the crystal structure of human
NLRP12PYP at 1.85 A resolution (T. Jin et al., 2017), conformation and interfacing
residues are studied. No significant differences between NLRP12PYP and filament-
forming Pyrin domains is identified to explain its inability to self-polymerize. However,
exchange of a tryptophan residue located in the type III interface with an arginine, does
promote oligomerization of NLRP12PYP, Tt is speculated that the NACHT or LRR
domains of NLRP12 orchestrate Pyrin domain polymerization by providing additional
oligomerization interfaces. Finally, analysis of surface electrostatics in a model of the
NLRP12PYP filament predicts charge matching surface patches with ASC, supporting the

existence of a canonical NLRP12 inflammasome.

93



Functional investigation of the NLRP12 Pyrin domain

3.2.1 Purification of recombinant human NLRP12 Pyrin domain

To investigate the polymerization of the NLRP12 Pyrin domain, human NLRP12PYP (aa
3-98) was expressed as N-terminal GST-fusion protein in E. coli. The protein was purified
to homogeneity by affinity chromatography, subsequent tag cleavage, and size-exclusion
chromatography. The chromatogram of a representative SEC run after AC and tag
cleavage is given in Figure 3-6a. NLRP12PYP elutes as one major peak at around 84 ml
and a small preceding shoulder. The retention volume is in accordance with a mainly
monomeric species of NLRP12PYP, Thorough cleavage of the GST affinity tag as well as
purity and integrity of the final protein sample was confirmed by SDS-PAGE analysis
(Figure 3-6b). The SDS-gel shows one intense single band at an apparent molecular
weight of ~35 kDa after affinity chromatography, corresponding to GST-NLRP12PYP,
After cleavage using TEV protease, the band split up into one band for the GST affinity
tag (MW = 27,105 Da) and another band for the sole NLRP12PYP (MW = 11,396 Da).
The final SEC fractions display only one intense single band, corresponding to

recombinant NLRP12PYP in crystallization-grade quality.

2
a " b & _Ac & SEC
= 250
/E\ monomer 2 1304
£ 5004 = 198:
3 S 55
4001 2
3
£ 300 5 3 0 <GST-NLRP127®
= 3 251 o <«GST/TEV
g 3
< 200 2
15-
< £ P s [ aNLRP12PW
2 9]
2 100 S 101
© 8
0 ©

30 40 50 60 70 80 90 100
retention volume (ml)

Figure 3-6: Purification of human NLRP12FYP, (a) Representative chromatogram of NLRP12FYP
injected onto a Superdex 75 PG 16/600 size-exclusion column after affinity purification and tag cleavage.
The column was connected to a tandem GSTrap column for prolonged retention of the GST tag. Elution of
protein was followed via the absorbance at 280 nm wavelength. The red area indicates pooled fractions of
the monomeric peak. (b) Coomassie-stained samples from different steps of the purification process and
fractions from (a) after reducing SDS-PAGE. M: marker, AC: affinity chromatography, TEV: tag cleavage
using TEV protease, SEC: size-exclusion chromatography.
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3.2.2 NLRP12"'P js monomeric and does not self-polymerize in vitro

To examine the self-polymerization capability of NLRP12PYP, the protein was analyzed
using analytical gel filtration, dynamic light scattering, and electron microscopy as
described above for NLRP9*YP (Figure 3-7). The protein was diluted to 2 mg-ml! and
incubated for 12 h at 25°C. Sequential analysis by analytical gel filtration revealed an
average retention volume of 1.43 ml corresponding to an average molecular weight of

13.66 kDa independent of the incubation time (Figure 3-7a).
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Figure 3-7: Molecular dispersion of recombinant NLRP12FYP, (a) Representative elution profile from
analytical gel filtration of 50 pg NLRP12FYP injected onto a Superdex 75 Increase 3.2/300 column and
calculation of the molecular weight from the peak retention volume. Linear regression was used to fit the
calibration curve to the partition coefficient (Kav) versus the logarithm of the molecular weight of a standard
(R* = 0.9951). The molecular weight of NLRP12FYP was determined before and after 12 h of incubation
time at 25°C. Data points are representative of three independent experiments. n = 3 + SEM. (b)
Hydrodynamic radius and corresponding molecular weight of NLRP12FYP (2 mg-ml™') as determined by
DLS. Sample was measured every 30 min during 11.5 h of incubation at 25°C. Data points are
representative of three independent experiments. n = 3 + SEM. (¢) Negative stain EM image of 1.5 mg-ml’!
NLRP12PYP, recorded by Inga Hochheiser (University of Bonn). Prior analysis, the sample was incubated
overnight at 37°C. The depicted aggregates are representative of some minor spots on the otherwise
completely ‘empty’ grid.
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Instead, using dynamic light scattering, particles of NLRP12FYP

showed an average
hydrodynamic radius of 2.0 nm corresponding to a globular protein with a molecular
weight of approximately 18.3 kDa (Figure 3-7b). However, the hydrodynamic radius of
the particles raised between five and six hours of incubation time whereafter it declined
again (Figure 3-7b), possibly indicating formation of aggregates that momentary elevated
the measured particle size. In fact, when NLRP12PYP was diluted to 1.5 mg-ml! and
incubated overnight at 37°C, analysis by negative stain EM revealed the presence of
aggregates but not filaments in some minor spots of the otherwise ‘empty’ grid (Figure

3-7¢). Because monomeric NLRP12PYP

cannot be resolved by electron microscopy, it can
be concluded that NLRP12PYP is largely monomeric in solution and does unexpectedly

not readily self-polymerize under the conditions tested in vitro.

3.2.3 Monomeric NLRP12P'P does not interact with ASC nor self-polymerize in cells

To ensure that polymerization of NLRP12PYP is a requirement for the interaction with
ASC, a pulldown experiment was performed. For this purpose, a hexahistidine tagged
ASC-mCherry fusion protein was bound to Ni-NTA beads and afterwards incubated with
monomeric NLRP12PYP, Subsequent analysis of the bound fraction and supernatant by

reducing SDS-PAGE showed no binding between both proteins (Figure 3-8a).
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Figure 3-8: Analysis of ASC interaction and PYD polymerization in cells. (a) Pulldown assay of human
ASC and NLRP12FYP, ASC was purified by Dr. Rebecca Brinkschulte (University of Bonn) and harbored
a C-terminal mCherry and an N-terminal hexahistidine tag that allowed for binding to Ni-NTA beads. After
incubation with NLRP12PYP the bound fraction (B) and supernatant (S) was analyzed using reducing SDS-
PAGE. The depicted pulldown experiment is representative of n = 2 independent experiments. (b) Image
of NLRP12PYP-mCitrine fusion protein overexpressed in HEK293T cells. Data is representative of n = 1
independent experiment.
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Additionally, filament formation was examined in the setting of HEK293T cells, which
resembled a more physiological condition to investigate inflammasomes. To track
filament formation, human NLRP12PYP was overexpressed as C-terminal mCitrine fusion
protein. Similar to what was previously demonstrated for NLRP9PYP (Figure 2-9),
fluorescent protein was found to diffusively locate within cells overexpressing human
NLRP12PYP-mCitrine (Figure 3-8b). In line with the findings in vitro, it can be concluded

that NLRP12PYP did not self-polymerize into filaments in the cellular system.

3.2.4 NLRP12PY® adopts a conformation with hallmarks of both, monomeric and
filamentous Pyrin domains

Since NLRP12PYP was unable to form filaments, in silico analysis on conformational
restraints that might prohibit self-polymerization was performed. To this end, the crystal
structure of NLRP12PYP (PDB: 5H7N) was compared with structures of NLRP3PYD,
NLRP6PYP, ASCPYP and AIM2PYP obtained from monomeric and filamentous
assemblies (Figure 3-9). As NLRP3 is the closest relative to NLRP12, monomeric and
filamentous NLRP3PYP show a similar orientation of the six helical bundle with
NLRP12PYP (Figure 3-9a). Indeed, both PYDs align with a RMSD value of 0.619 A
(monomer) and 0.665 A (filament), respectively. However, the distinct orientation of the
a2-a3 loop is remarkable. Comparing NLRP12PYP with structures of NLRP6FYP, it can
be observed that the 02-a3 loop of NLRP12PYP follows the a2-a3 loop of monomeric
NLRP6YP, whereas helix o3 and the following C-terminal region adopts a similar
GPYD

conformation as NLRP

RMSD value of 1.708 A for monomeric versus 1.370 A for filamentous NLRP6FYP,

in the filament (Figure 3-9b). This is confirmed by a greater
To assess these observations, NLRP12PYP
proteins ASC and AIM2. NLRP12PYP and monomeric ASCPYP align with a RMSD value
of 1.367 A, whereas NLRP12PYP and filamentous ASCPYP align with a greater RMSD
value of 1.749 A (Figure 3-9c). Indeed, apart from the C-terminal region, NLRP12PYP

was compared with PYDs of the less related

closely resembles monomeric ASCPYP, including the a2-a3 loop and the ensuing helix
a3. In line, helix a3 of NLRP12PYP is positioned in a similar way as in filamentous
AIM2PYD but the overall structure aligns better with monomeric AIM2PYP (Figure 3-9d).
This is substantiated by a RMSD value of 0.980 A for monomeric and 1.569 A for
filamentous AIM2PYP, Recapitulating, NLRP12FYP adopts a conformation with hallmarks

of both, monomeric and filamentous Pyrin domains.
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To understand if the conformation of NLRP12PYP needs to change upon filament
formation, a NLRP12PYP filament was modelled based on the filament structure of
NLRP3PYP (PDB: 7PZD) and the contact region between subunits was analyzed for
potential steric clashes. Importantly, no steric clash could be identified, indicating that

the conformation of NLRP12PYP does not prohibit self-polymerization.

== NLRP12PY® == NLRP12°YP =3 NLRP12PY® =3 NLRP12°P"®
== NLRP3P*P (monomer) == NLRP3" (filament) == NLRP6"® (monomer) == NLRP6”® (filament)

=3 NLRP12PY® == NLRP12°PY® == NLRP12PY® =3 NLRP12°P"®
== ASCPP (monomer) mm ASCP'® (filament) == AIM2PY® (monomer) == AIM2PYP (filament)

Figure 3-9: Conformational analysis of NLRP12FYP, Overlays of the MBP-NLRP12PYP crystal structure
(PDB: 5H7N, chain B) with different structures of filament-forming PYDs. (a) Overlay with the NLRP3FYP
crystal structure (PDB: 3QF2, chain A) and the NLRP3FYP filament structure (PDB: 7PZD). (b) Overlay
with the MBP-NLRP6PYP crystal structure (PDB: 6NDJ, chain A) and the NLRP6FYP filament structure
(PDB: 6NCV). (¢) Overlay with the monomeric ASCFYP structure (PDB: 1UCP) and the ASCFYP filament
structure (PDB: 3J63). (d) Overlay with the MBP-AIM2®YP crystal structure (PDB: 3VD8) and the GFP-
AIM2PYP filament structure (PDB: 6MB2).

3.2.5 Amino acids important for filament formation match with NLRP12

The availability of high-resolution structural data of NLRP12PYP allowed to address its
inability to self-polymerize at the molecular level. First, a structure-based sequence
alignment of NLRP12PYP and the filament-forming PYDs of NLRP3, NLRP6, ASC, and
AIM2 was performed (Figure 3-10a). NLRP12PYP (residues 10-96) displays sequence
identities of 41.5%, 33.7%, 24.7%, and 23.5% with NLRP3?YP, NLRP6PYP, ASCPYP, and
AIM2PYD | respectively (Figure 3-10a). Figure 3-10b shows the typical asymmetric
interfaces mediating intra- and interstrand interactions in the Pyrin domain filament (Lu

et al., 2015; Lu et al., 2014; Shen et al., 2019). Consequently, it was analyzed if residues
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located in such interfaces and matching by charge or hydrophobicity in filament-forming
Pyrin domains are mismatching in NLRP12PYP. Surprisingly, the majority of amino acids
that participate in filament formation of NLRP3, NLRP6, ASC, or AIM2 were found to
match with NLRP12 (Figure 3-10a). However, Leul0, Ser14, and Glu40 were identified

to mismatch with their counterparts in filament-forming PYDs.
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Figure 3-10: Structural comparison of NLRP12PY? with filament-forming PYDs. (a) Structure-based
sequence alignment of the PYDs of NLRP12 and the filament-forming PYDs of NLRP3, NLRP6, ASC,
and AIM2. For NLRP3, NLRP6, ASC, and AIM2, the filament structures are known (Hochheiser,
Behrmann, et al., 2022; Lu et al., 2015; Lu et al., 2014; Shen et al., 2019) and the residues forming the
asymmetric interfaces are highlighted with the indicated colors. Secondary structure elements of
NLRP12FYP are plotted above the corresponding sequence. (b) Chart of three flanking subunits in a typical
PYD filament. They form unified type I, type II, and type III interfaces with interface sides a and b,
respectively. Subunits are labeled light blue, light green and light magenta. (c-e) Detailed view of the
residues forming the (¢) type I, (d) type I, and (e) type III interfaces in a modeled and hypothetical filament
of NLRP12PYP that is based on the NLRP3PYP filament structure. Residues of NLRP12 not matching
conserved properties of amino acids at equivalent positions in filament-forming Pyrin domains are
highlighted as pink sticks.

To answer the question whether such mismatches could disrupt self-polymerization,
interfaces in the aforementioned model of a hypothetical NLRP12PYP filament were

analyzed in more detail. In the putative type I interface, hydrophobic patches on the ‘a’
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and ‘b’ sides could establish substantial interactions (Figure 3-10c). Strikingly, LeulO
would match this interface and likely contribute in self-polymerization. While conserved
to be hydrophobic in filament-forming Pyrin domains, Ser14 is polar but suited to form a
hydrogen bond interaction with the primary amine of Lys27 (Figure 3-10c).

In the type II interface, the sidechain of Glu40 is located next to the sidechain of His63
(both ‘a’ side, Figure 3-10d). An interaction might fix the position and orientation of the
a2-a3 loop next to helix 04, which could change upon filament formation by substitution
with higher affinity interactions. As such, Lys83 could change its conformation and reach
out to form a salt bridge with Glu40. Additionally, Asn81 is close by His63 and might be
able to establish a potential hydrogen bond interaction. Thr62 might participate in another
polar interaction with the ‘b’ side formed by Glu24, Arg82, and Asp84 (Figure 3-10d).

While in the putative type III interface no mismatch could be identified by means of
structure-based sequence alignment, the model reveals that Glu49 from the ‘a’ side and
Glu21 from the ‘b’ side might create repulsive forces, which potentially destabilize the
interface (Figure 3-10e). In NLRP3, which harbors both glutamate residues, an arginine
that forms a salt bridge with the ‘a’ side glutamate and thereby compensates for the
negative charge is found at the position of Trp45 (Figure 3-10a, (Hochheiser, Behrmann,
et al., 2022)). In NLRP6, which shares the tryptophan and glutamate residue at the ‘a’
side, the glutamate found at the ‘b’ side in NLRP12 is substituted with a serine (Figure
3-10a, (Shen et al., 2019)). However, Glul8 and Ser47 as well as Glu19 and Lys42 might
have the potential to overcome the repulsive forces by forming a hydrogen bond and salt

bridge interaction, respectively (Figure 3-10e).

3.2.6 W54R mutation promotes oligomerization of the NLRP12 Pyrin domain

To test the hypothesis that Glu21 and Glu49 might destabilize the type III interface in a
NLRP12PYP filament, Trp45 was exchanged to arginine using site-directed mutagenesis.
In such variant the repulsive negative charge of the glutamate residues could crosslink
with the now positively charged arginine by salt bridge formation. Identical to the
wildtype protein, the mutant NLRP12PYP was expressed as an N-terminal GST-fusion
protein in E. coli and purified to homogeneity by AC, TEV cleavage, and SEC. As
previously seen for the wildtype protein, size-exclusion chromatography and SDS-PAGE
analysis revealed that the W45R variant elutes as monomeric species in crystallization-

grade quality (Figure 3-11a, b). To assay filament formation, the protein was diluted to
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1.5 mg-ml™! and incubated overnight at 37°C. Subsequent analysis by negative stain EM
showed that mutant NLRP12PYP formed net-like structures, which clearly differed from
the aggregates seen with wildtype protein (Figure 3-11c and Figure 3-7¢ for comparison).
However, these structures likewise differ significantly from the well-ordered filamentous
structures of e.g., NLRP3PYP or NLRP6PYP (Hochheiser, Behrmann, et al., 2022; Shen et
al., 2019). Interestingly, when incubation was performed at 4°C, mutant NLRP12°YP tend
to form more roundish single particles with an average diameter of ~38 nm,
corresponding to five times the diameter of a PYD filament (Figure 3-11d). In summary,
the NLRP12 W45R mutation promotes the formation of oligomeric structures, but these
structures differ significantly from well-ordered PYD filaments described in the

literature.
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Figure 3-11: Purification and electron microscopy of the NLRP12PY? W45R mutant. (a)
Chromatogram of NLRP12FYP W45R mutant injected onto a Superdex 75 PG 16/600 size-exclusion column
after affinity purification and tag cleavage. The column was connected to a tandem GSTrap column for
prolonged retention of the GST tag. Elution of protein was followed via the absorbance at 280 nm
wavelength. The red area indicates pooled fractions of the monomeric peak. (b) Coomassie-stained samples
from different steps of the purification process and fractions from (a) after reducing SDS-PAGE. M:
marker, AC: affinity chromatography, TEV: tag cleavage using TEV protease, SEC: size-exclusion
chromatography. (¢-d) Negative stain EM image of 1.5 mg-ml"! NLRP12FY? W45R mutant, recorded by
Inga Hochheiser (University of Bonn). Prior analysis, the sample was incubated overnight at (¢) 37°C or
(d) 4°C.
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3.2.7 NLRP12PY? shows charge matching surface patches with ASC

To investigate the capability of NLRP12PYP to nucleate ASC speck formation, the
aforementioned model of the hypothetical NLRP12PYP filament was further analyzed.
One ring of the human ASCPYP (PDB: 3J63) filament structure and a slice of the
hypothetical NLRP12PYP filament was used to calculate APBS-generated surface
electrostatics (Jurrus et al., 2018) (Figure 3-12). As mentioned previously, it is known
that the ‘B-end’ of the NLRP3"YP filament forms a seed for an interaction with the
‘A-end’ of ASCPYP to subsequently induce ASC polymerization (Hochheiser, Behrmann,
et al., 2022). Importantly, similar as found for NLRP3, surface patches formed at the
‘B-end’ of the NLRP12PYP filament and the ‘A-end’ of the ASCPYP filament would be
matching by charge complementarity (Figure 3-12). This highlights the plausibility of a
resemblant PYD-mediated polymerization mechanism for nucleation of ASC specks in

NLRP12 inflammasome formation.

ASCPY® NLRP12PYP

filament slice filament slice
B-end

subunits

filament slice filament slice
A-end A-end

Figure 3-12: Molecular analysis of ASC nucleation capability of NLRP12FYP, Color-coded (blue:
positive, red: negative) electrostatic surface representation of subunits of NLRP12PYP and filament slices
of ASCPYP and NLRP12PYP generated with APBS (Jurrus et al., 2018). The structure of NLRP12FYD
subunits was adapted from the NLRP12PYP crystal structure (PDB: SH7N, chain B). The filament slice of
ASCPYP was adapted from the ASCFYP filament structure (PDB: 3J63). Based on the NLRP3*YP filament
structure (PDB: 7PZD), the slice representation of a hypothetical NLRP12PYP filament was modeled using
the crystal structure of the monomer. Bottom views (A-ends) represent a superjacent slice of the respective
filament that was rotated by 180° about the y-axis and mirrored horizontally to show interfacing regions in
the filament at the same x/y coordinates of top and bottom views. Electrostatic potentials are given in units
of ksT/ec where kg is the Boltzmann constant, T is the temperature and e. is the charge of the electron.
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3.3 Characterization of the NLRP12 NACHT domain

Previous experiments revealed that the NLRP12 PYD alone is not capable to self-
polymerize in vitro and in cells, which entails its inability to interact with ASC. In
contrast, the full-length protein did clearly show this competence when overexpressed in
HEK293T cells (Figure 3-2). This conflict led to the hypothesis that the NACHT or LRR
domains of NLRP12 must provide a scaffold for PYD oligomerization. Indeed, ATP-
driven oligomerization of the NACHT domain is a widely accredited concept in the
inflammasome field and especially documented by a structural study on activated
NLRC4ACARD, which assembles into wheel-like oligomeric structures (Schroder &
Tschopp, 2010; Zhang et al., 2015). Thus, structural investigation of the NLRP12
NACHT domain might improve our mechanistic understanding in how this domain is
regulated and facilitates oligomerization to drive inflammasome formation.

This part of the thesis summarizes the efforts being made to solve the structure of the
NLRP12 NACHT domain and the insights that have been gained in this way. It is found
that monomeric and oligomeric species of the NLRP12 NACHT domain are in dynamic
equilibrium and oligomerization of monomers is widely independent from the presence
of nucleotides. These findings are linked to the issue that crystals of suspected monomeric
NLRP12 NACHT domain do not diffract, which initiated several attempts to inhibit
oligomerization, stabilize the monomeric species, and optimize the protein construct.
While the dynamic equilibrium could be effectively shifted towards the monomeric
species, diffraction of crystals and subsequent structure determination of the NLRP12

NACHT domain has not yet been achieved.

3.3.1 Construct design and purification

By screening different constructs of the human NLRP12 NACHT domain for good
expression and yield of stable protein, one construct including the basic cluster of the
FISNA domain and the polar cluster of the transition LRR (aa 122-679) was found to
perform best. Based on this construct, two more constructs including the Pyrin (aa 1-679)
or LRR domain (aa 122-1061) have been designed. Experience has shown that, without
extensive buffer optimization, a MBP tag is usually necessary to stabilize proteins of the
NLRP family and prevent its precipitation. Bokhove et al. introduced an engineered MBP
tag system, which combined mutations to increase solubility but also to provide crystal-

packing interactions for increased crystallizability (Bokhove et al., 2016). Following their
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example, the NACHT and APYD constructs were equipped with this mutant MBP tag
using a short triple alanine linker, whereas the ALRR construct was fused to a standard
cleavable MBP tag (Figure 3-18a). All proteins were expressed as N-terminal MBP-
fusion proteins in the Sf9 insect cell system and purified to homogeneity by affinity
purification and subsequent size-exclusion chromatography. While the SEC analysis of
the ALRR construct revealed probably aggregated (void), oligomeric, and monomeric
species of the protein (Figure 3-13a), the APYD construct eluted as one major peak in the
void volume (Figure 3-13b). This indicates that recombinantly expressed LRR domain of
NLRP12 exhibits an intrinsic instability, which leads to aggregation and might similarly
be responsible for aggregation of the recombinant full-length protein. However, also a
great fraction of ALRR protein eluted in the void volume, which differed significantly in
case of the NACHT construct (Figure 3-13c¢). Indeed, the elution profile and subsequent
SDS-PAGE analysis of NACHT protein revealed that the majority of the protein exists

as oligomeric and monomeric species in crystallization-grade quality (Figure 3-13c, d).
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Figure 3-13: Purification of NLRP12 constructs containing the NACHT domain. (a-c) Representative
chromatograms of different constructs of MBP-NLRP12 injected onto a Superose 6 Increase 10/300 GL
size-exclusion column after affinity purification. Elution of protein was followed via the absorbance at 280
nm wavelength. The dark grey, light grey, and red areas indicate individually pooled fractions of the void,
oligomeric, and monomeric peak, respectively. aa: amino acid. (d) Coomassie-stained samples from
fractions from (c) after reducing SDS-PAGE. M: marker.
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3.3.2 Monomeric and oligomeric NLRP12 species are in a dynamic equilibrium

Protein of the NLRP12 NACHT domain could be purified as monomeric species in
crystallization-grade quality. Besides, peptide mass fingerprint analysis confirmed the
identity of the protein sample. Consequently, MBP-NLRPI2NACHT monomer was
concentrated to 31 mg-ml™!' and subjected to crystallization trials for the determination of
a high-resolution X-ray crystal structure. Setup of crystallization screens did yield
conditions to sufficiently grow crystals of the protein. Promising looking crystals
appeared after 4-5 days at 15°C in 100 mM CAPS pH 10.5, 1.2 M NacCl, 200 mM LiSO4
(Figure 3-14a) and protein content was confirmed by methylene blue staining, but

unfortunately, the crystals did not diffract when measured at the synchrotron.
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Figure 3-14: Spontaneous oligomerization of monomeric NLRP12NACHT (a) Representative crystals of
MBP-NLRP12NACHT protein that appeared in one of the optimization conditions but did not diffract at the
synchrotron. Crystallization was performed by Dr. Kanchan Anand (University of Bonn). (b) Negative
stain EM image of the oligomeric fraction of MBP-NLRP12NACHT after size-exclusion chromatography
(0.04 mg-ml™), recorded by Inga Hochheiser (University of Bonn). (¢) Elution profile from analytical gel
filtration of 100 ug monomeric MBP-NLRP12NACHT jnjected onto a Superose 6 Increase 10/300 GL column
and calculation of the molecular weight from the peak retention volume. Linear regression was used to fit
the calibration curve to the partition coefficient (Kav) versus the logarithm of the molecular weight of a
standard (R? = 0.9423).

Interestingly, when oligomeric species of MBP-NLRP12NACHT were analyzed using
negative stain EM, the particles displayed an inhomogeneous size and shape (Figure

3-14b). The average diameter of the particles varied between 16-34 nm, indicating a
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plethora of different oligomers with an undefined number of subunits. Of note, MBP-
NLRP12NACHT hag an estimated diameter of 8-12 nm, suggesting the possibility that some
particles may even represent oligomers dissociated into dimers. Vice versa, when the
monomeric fraction of MBP-NLRP12NACHT wag subjected to analytical gel filtration,
again, oligomeric and monomeric species were identified (Figure 3-14c). The
approximate molecular weight of the different species was determined to be > 670 kDa,
319 kDa, and 90 kDa, respectively (Figure 3-14c). Since the theoretical molecular weight
of monomeric MBP-NLRPI12NACHT ig 105 kDa, the species represent monomers,
tetramers, and a fraction of larger oligomers. In conclusion, it is likely that monomeric
and oligomeric species of the NLRP12 NACHT domain are in a dynamic equilibrium,

which might be the cause of not diffracting protein crystals.

3.3.3 Oligomerization of NLRP12NACHT js independent from nucleotides

To find out if the observed monomer = oligomer transition of the NLRP12 NACHT
domain is dependent on incorporated nucleotide species and thus, regulated by ATP
binding and hydrolysis, MBP-NLRP12NACHT wag precipitated using perchloric acid and
the released nucleotides were analyzed by ion-pairing reverse phase HPLC (Figure
3-15a). Surprisingly, MBP-NLRP12NACHT from both, the void and monomeric fraction,
was free from nucleotides (Figure 3-15a). This result argues against a nucleotide-bound
conformation of MBP-NLRPI12NACHT and rather suggests an empty and thus ‘open’
conformation of aggregates, oligomers, and monomers prone to oligomerize.

Since nucleotide binding and hydrolysis are thought to play a pivotal role in the
regulation of STAND ATPases by driving a conformational ‘binary switch’ mechanism
(Danot et al., 2009), one idea was to shift the dynamic equilibrium towards the monomeric
species. For this purpose, the proteins were incubated with high concentrations (1 mM)
of ADP and ATP and subsequently analyzed by thermal shift assay to test for potential
conformational changes. While incubation with nucleotides did not affect the thermal
stability of MBP-NLRPI2NACHT from the void fraction, presence of ATP slightly
increased the apparent melting temperature of protein from the monomeric fraction
(ATwm = 0.53°C, Figure 3-15b). Consequently, hydrolysis activity of MBP-NLRP12NACHT
was analyzed in multi-cycle turnover ATP hydrolysis assays. Similar with full-length
NLRP12, aggregated NLRP12NACHT protein was found to convert ATP to ADP but in

contrast, protein from the monomeric fraction did not exhibit such activity (Figure 3-15¢).
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Figure 3-15: Effect of nucleotides on NLRP12NACHT gligomerization. (a) 50 uM MBP-NLRP[2NACHT
protein from the void and the monomer fraction was precipitated using perchloric acid and the bound
nucleotides have been analyzed using ion-pairing reverse phase HPLC. Elution of nucleotides was followed
via the absorbance at 259 nm wavelength. Dashed line represents the elution profile of a 50 uM nucleotide
standard. Data is representative of n = | independent experiment. (b) Thermal shift assay of 3 uM MBP-
NLRP12MACHT y6id or monomer and in the presence of 5 mM MgCl; and 1 mM ADP or ATP. The
measurement was setup with a temperature ramp ranging from 20-90°C, a slope of 2°C-min’!, and a 50-
100% laser intensity. Data points are representative of three independent experiments. # = 3 = SEM; ns P
>0.05 (two-way ANOVA followed by the Dunnett’s multiple comparisons test). (¢) Hydrolysis assay based
on ion-pairing reverse phase HPLC. 3 uM of MBP-NLRP12M4CHT void or monomer was incubated with 5
mM MgCl> and 1 mM ATP at 25°C. Every 10 minutes a sample was injected onto a Chromolith
Performance RP-18 HPLC column and elution of nucleotides was followed via the absorbance at 259 nm
wavelength. The area under the curve was used to calculate the peak ratios and subsequently estimate the
concentration of ADP as the product of the enzymatic reaction. Data points are representative of three
independent experiments. n = 3 + SEM. (d) Hydrodynamic radius of 3 uM MBP-NLRP12NACHT monomer
as determined by DLS. Sample was supplemented with 5 mM MgClz +£ 1 mM nucleotides and measured
every 30 min during 11.5 h of incubation at 25°C. Data points are representative of three independent
experiments. n =3 + SEM.

Finally, dynamic light scattering was used to follow the oligomerization of MBP-
NLRP12NACHT in the absence or presence of nucleotides (Figure 3-15d). Already at the
beginning of the measurement particles of the monomeric fraction were determined to
have a relatively large hydrodynamic radius, indicating the presence of oligomers.
However, the average size of these particles even increased over the course of the
experiment, demonstrating further oligomerization. Importantly, the oligomerization rate

did not differ significantly from the control when nucleotides were supplemented in the
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buffer. In the presence of ADP or ATP, the hydrodynamic radius of the particles was
larger at the beginning of the measurement as if compared with the control. This
difference might have technical reasons, since the control was measured first and interim
oligomerization has likely increased the number of oligomers in the sample. Collectively,
these results indicate that the observed oligomerization of the NLRP12 NACHT domain

is largely independent from nucleotides.

3.3.4 The NLRP3-specific inhibitor CRID3 does not bind to NLRP12

In the following studies the aim was to stabilize the monomeric state of the NLRP12
NACHT domain or to inhibit its oligomerization. At the time, CRID3 (or MCC950) was
already known as a potent NLRP3-specific inflammasome inhibitor that targets the
NLRP3 NACHT domain (Coll et al., 2019). Mechanistically, Tapia-Abellan et al.
proposed that CRID3 closes the active conformation of NLRP3 to an inactive state
(Tapia-Abellan et al., 2019). Since NLRP12 (aa 120-631) shares 57.4% sequence identity
with NLRP3 (aa 131-648; Figure 3-1), it was examined whether CRID3 could also bind
to the NLRP12 NACHT domain and inhibit its oligomerization. In a first experiment,
MBP-NLRP12NACHT wags expressed and purified to homogeneity in the presence of
CRID3 but otherwise identical conditions. SEC analysis revealed that presence of CRID3
did not influence the fraction of monomeric and oligomeric MBP-NLRP12NACHT and thus
does not inhibit oligomerization of the NLRP12 NACHT domain (Figure 3-16a). Also,
CRID3 was proposed to block ATP hydrolysis activity of NLRP3 (Coll et al., 2019).
Consequently, the effect of CRID3 on the ATP hydrolysis activity of MBP-
NLRPI12NACHT from the void fraction was investigated (Figure 3-16b). In line with the
previous result, CRID3 did not impair the ATPase function of NLRP12, whereas
substitution of ATP with ATPyS, a commonly used nonhydrolyzable ATP analog
(Lacabanne et al., 2020), did sufficiently prevent its hydrolysis (Figure 3-16b).

To confirm by orthogonal assay that CRID3 is unable to interact with NLRP12, the
interaction was studied using surface plasmon resonance spectroscopy (SPR; Figure
3-16¢). For this purpose, human NLRP12NACHT (33 122-679) was expressed as N-terminal
Avi- and Flag-tagged fusion protein in HEK293T cells. The protein was biotinylated
intracellularly by co-transfection of the bacterial biotin-ligase BirA, purified via the Flag
tag, and finally bound to a streptavidin-functionalized SPR sensor chip (methods section).

Importantly, CRID3 showed no association with the NLRP12 NACHT domain up to
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concentrations of 750 nM. However, injection of 3 pM CRID3 did result in a slight
response of ~0.6 RU with a fast on and off rate (Figure 3-16¢). In contrast, concentrations
up to 60 uM CRID3 did not change the thermal stability of MBP-NLRP12NACHT a9
evaluated in thermal shift assays (Figure 3-16d). Proposing that binding of CRID3 as an
inhibitor does affect the conformation of its target, it is unlikely that CRID3 would bind
to the NLRP12 NACHT domain without shifting its thermal stability. Thus, it can be
concluded that CRID3 is a NLRP3-specific inhibitor that does not bind to NLRP12.

a b -0 NLRP12 -@- +ATPyS -®- +CRID3
300 40
g 2504 oligomers
o monomer —
Q =
" 2004 2
2 a
£ 1501 <
3 E
S 100 3
2 s
o
8 501
[y
6 8 10 12 14 16 18 20 22 0 10 20 30 40 50 60
retention volume (ml) d time (min)
—— response — NLRP12 — +CRID3
20 0.01
R 17.6
. 154 0.00-
= 2
o 10 s
[0 - =
N o -0.01
g .
b7}
8 s &
-0.024
R L LA
0 47.0
T T T -0.03: T T r T r T
0 500 1000 1500 20 30 40 50 60 70 80 90
time (s) temperature (°C)

Figure 3-16: Binding study of the NLRP3-specific inhibitor CRID3 on NLRP12. (a) Chromatogram of
MBP-NLRP12NACHT (34 122-679) injected onto a Superose 6 Increase 10/300 GL size-exclusion column
after affinity purification. Elution of protein was followed via the absorbance at 280 nm wavelength. The
protein was expressed and purified in the presence of 5 pM and 1 pM CRID3, respectively. (b) Hydrolysis
assay based on ion-pairing reverse phase HPLC. 3 uM of MBP-NLRP12NACHT yoid was incubated with 5
mM MgClz and 100 pM ATP or ATPyS and in the presence of 2% DMSO or 100 uM CRID3 at 25°C.
Every 10 minutes a sample was injected onto a Chromolith Performance RP-18 HPLC column and elution
of nucleotides was followed via the absorbance at 259 nm wavelength. The area under the curve was used
to calculate the peak ratios and subsequently estimate the concentration of ADP as the product of the
enzymatic reaction. (¢) Sensorgram following the binding of CRID3 to human NLRP12NCHT a5 measured
by surface plasmon resonance spectroscopy (SPR). The measurement was performed in cooperation with
Dr. Karl Gatterdam (University of Bonn). Arrows indicate injections of 0.7,2.9, 11.7,46.9, 187.5, 750, and
3000 nM CRID3, respectively. Rmax indicates the theoretical maximum response of the interaction. (d)
Thermal shift assay of 3 uM MBP-NLRP12NACHT monomer in the presence of 2% DMSO or 60 uM CRID3.
The measurement was setup with a temperature ramp ranging from 15-95°C, a slope of 2°C-min’!, and a
40% laser intensity. Apparent melting temperatures (7m) of the samples are depicted as dashed lines.
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3.3.5 Buffer optimization stabilizes the monomeric state

Since oligomerization of the NLRP12 NACHT domain was independent from
nucleotides, it is possible that the underlying interactions are non-specific and therefore
might be attenuated by an increased protein stability. Following a buffer optimization
strategy that included sequential screening of pH, salt, and additives, thermal stability
was used as a readout for conditions that potentially promote the monomeric state (Figure
3-17a). In this way, optimized buffer conditions could be found that not only markedly
stabilized MBP-NLRP12NACHT byt indeed also significantly increased the fraction of
monomeric species (Figure 3-17a, b). Crystallization-grade quality of the sample was
confirmed by SDS-PAGE analysis, which showed only one prominent band at a height
corresponding to an apparent molecular weight of roughly 100 kDa (Figure 3-17¢).
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Figure 3-17: Purification of NLRP12MCHT protein after buffer optimization. (a) Schematic of the
buffer optimization strategy. Increase in thermal stability of MBP-NLRP12NACHT was used as a readout for
conditions that potentially promote the monomeric state. (b) Representative chromatogram of MBP-
NLRP12MACHT jpjected onto a Superdex 200 Increase 10/300 GL size-exclusion column after affinity
purification. The purification was performed under optimized buffer conditions. Elution of protein was
followed via the absorbance at 280 nm wavelength. The red area indicates pooled fractions of the
monomeric peak. (¢) Coomassie-stained sample from the monomeric peak in (b) after reducing SDS-
PAGE. M: marker. (d) Elution profile from analytical gel filtration of 76 pg monomeric MBP-
NLRP12MACHT jnjected onto a Superose 6 Increase 10/300 GL column and calculation of the molecular
weight from the peak retention volume. Linear regression was used to fit the calibration curve to the
partition coefficient (Kav) versus the logarithm of the molecular weight of a standard (R? = 0.9394).
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To analyze the oligomerization preference of the monomeric fraction, analytical gel
filtration was conducted. Interestingly, it turned out that the majority of the protein did
exist as a stable monomer and only a minor fraction did tend to oligomerize under these
optimized conditions (Figure 3-17d). Hence, the sample was subjected to X-ray
crystallography. Again, conditions to successfully grow crystals could be found but

sufficient diffraction for structure determination was unfortunately not yet achieved.

3.3.6 Different purification strategy enables removal of the MBP affinity tag

Since also crystals grown from most likely monomeric MBP-NLRP12NACHT did still not
diffract at the synchrotron, one reasonable hypothesis was that the fused MBP tag might
adopt different orientations relative to the NLRP12 NACHT domain and therefore cause
perturbance and inequality of the crystal lattice. The previous construct design included
a short triple alanine sequence between the MBP tag and the NLRP12 NACHT domain
to establish a rigid helical linker and prevent such inequality (Figure 3-18a). However,
rigidity relies on the continuation of this helix by the C-terminus of the MBP tag and the
N-terminus of the NLRP12 NACHT domain, which might not be present. In
consequence, imperfectly ordered crystals might result in X-ray diffraction at individual
atoms that does not converge in constructive but destructive interference.

To enable removal of the MBP affinity tag, a new construct was designed with a
cleavable linker sequence (Figure 3-18a) and the purification conditions were optimized
to once again prevent aggregation. To increase the resolution between the NLRP12NACHT
(MW = ~65 kDa) and the cleaved MBP tag (MW = ~42 kDa), the size-exclusion column
was equipped with a tandem MBPTrap column for prolonged retention of MBP. The
chromatogram of a representative SEC run after AC and tag cleavage is given in Figure
3-18b. NLRPI12NACHT elutes as two major peaks — one close to the void volume and
another at ~64 ml, corresponding to a monomeric fraction. Of note, the void fraction
might contain aggregates and oligomers of NLRP12NACHT gince the used SEC column is
not capable to separate both species. As indicated by a shift in SDS-PAGE analysis, the
protein was sufficiently cleaved from the MBP affinity tag (AC versus TEV, Figure
3-18c) and finally obtained in crystallization-grade quality (monomer, Figure 3-18c).
Next, NLRPI2NACHT from the monomer fraction was characterized using online
multiangle light scattering (SEC-MALS, Figure 3-18d). The protein eluted as one major

peak with a slight shoulder to the left and the molecular weight of the species was
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determined as 68.63 kDa and 104.7 kDa, respectively. Since NLRP12NACHT hag a
theoretical mass of 64.8 kDa, the identified species correspond to a monomer and dimer.
Thus, the protein was concentrated to 10 mg-ml™! and subjected to crystallization trials.
Suitable crystals were obtained after 3-4 days at 10-15 °C, but unfortunately, they did not

sufficiently diffract for structure determination until now.
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Figure 3-18: Purification of NLRP12NACHT with cleaved MBP affinity tag. (a) Schematic of the linker
region between the MBP affinity tag and the NLRP12 NACHT domain. In the first approach, a short triple
alanine linker was used, whereas the linker in the second approach contains a TEV protease cleavage site.
(b) Representative chromatogram of NLRP12NACHT injected onto a Superdex 75 PG 16/600 size-exclusion
column after affinity purification and tag cleavage. The purification was performed following a different
strategy. Elution of protein was followed via the absorbance at 280 nm wavelength. The red area indicates
pooled fractions of the monomeric peak. (¢) Coomassie-stained samples from different steps of the
purification process and fractions from (b) after reducing SDS-PAGE. M: marker, AC: affinity
chromatography, TEV: tag cleavage using TEV protease, SUP: supernatant after centrifugation. (d) Elution
profile from analytical gel filtration of 100 ug monomeric NLRP12NACHT injected onto a Superdex 200

Increase 10/300 GL column and corresponding molar mass as determined by multi angle light scattering
(MALS).
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3.4 Discussion and Conclusion

Since the discovery of NLRP12 and its first description in 2002, many controversial
studies documented the likely dual role of NLRP12 in innate immunity and inflammation
(Tuladhar & Kanneganti, 2020). Still, the picture that emerged about NLRP12 is rather
puzzling and a matter of debate. Thus, it is important to gain more mechanistic
understanding on its function and regulation, not least because NLRP12 has been linked
with the development and progression of many human diseases (Tuladhar & Kanneganti,
2020). Especially due to its dual role in inflammation, NLRP12 might be a tempting drug
target to modulate inflammatory response — a concept that was already proposed in
context of multiple sclerosis (Gharagozloo et al., 2017). However, precisely because of
its role in the central NF-kB signaling pathway, pharmacological intervention also carries
the potential for severe side effects. Considering for example osteoclast differentiation,
modulation of the NF-«B pathway via NLRP12 was shown to result in severe decline in
bone mass by altering bone homeostasis and osteolytic responses (Krauss et al., 2015).
Thus, specific interference with NLRP12-dependent inflammasome formation might be
more beneficial. For that reason, this thesis does focus more on the NLRP12
inflammasome instead of its anti-inflammatory role in immunity.

During infection with strains of Yersinia pestis and Plasmodium vivax, NLRP12 has
been shown to form an inflammasome with ASC and caspase-1 (Ataide et al., 2014;
Vladimer et al., 2012). But interestingly, both studies revealed simultaneous activation of
the NLRP3 inflammasome, which significantly contributes to host resistance (Ataide et
al., 2014; Vladimer et al., 2012). Indeed, among other NLR family members, NLRP3 is
most related with NLRP12 and shares essential sequence motifs important for its
regulation ((Schroder & Tschopp, 2010), Figure 3-1). NLRP3 and NLRP12 might also
share activation by specific stimuli and therefore compensate each other to ensure
surveillance and protection against certain pathogens. Importantly, reconstitution of the
NLRP12 inflammasome in HEK293T cells showed concentration-dependent and robust
formation of ASC specks in the absence of NLRP3, confirming its ability to directly
interact with ASC and nucleate polymerization, which in turn drives inflammasomal
signaling ((Wang et al., 2002), Figure 3-2). However, recent reports on NLRP12 evidence
a more complex composition of inflammasomes not only in infection but likewise in
autoinflammatory disease. In acute glaucoma, NLRP12 was shown to collaborate with
NLRP3 and NLRC4 in driving pyroptosis of ganglion cells (Chen et al., 2020). Also in
Kawasaki syndrome, which has a yet unknown disease cause, NLRP12 and NLRC4 were
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both found to be epigenetically upregulated and its expression levels do correlate with
disease phenotype (Huang et al., 2018). Of note, TLR signaling is one important trigger
for upregulation and priming of NLRP3 prior to inflammasome activation (Kelley et al.,
2019). In contrast, NLRP12 is transcriptionally suppressed via the TLR-Blimp-1 axis
(Lord et al., 2009; F. Shi et al., 2016). Hence, at least NLRP3 and NLRP12 might merely
be expressed and activated simultaneously under very specific conditions. Conclusively,
human NLRP12 is probably part of a delicately balanced multiprotein signaling platform
that tightly regulates inflammation and collaborates with other NLR family members to
facilitate host resistance and tissue homeostasis.

Such tight regulation might not be given when full-length NLRP12 is recombinantly
expressed in baculovirus-infected Sf9 insect cells, as the protein adopts no defined but
most likely a constitutively ‘open’ conformation (Figure 3-3). In contrast, a fraction of
recombinantly expressed human NLRP3 was found to adopt a ‘closed’ and autoinhibited
state in a decameric assembly (Hochheiser, Pilsl, et al., 2022). However, the residues that
establish intermolecular interactions in the NLRP3 decamer are not well conserved in
NLRP12 (Figure 3-1), explaining why such oligomer could not be enriched even under
optimized purification conditions that stabilized NLRP12 and allowed for cleavage of the
affinity tag. Also, mass spectrometry analysis revealed that recombinant NLRP12 is
phosphorylated at Ser192, which is in similar position as Ser198 of NLRP3 and could
thus be an indication for a primed status ((Paik et al., 2021), Figure 3-1). In contrast, the
NLRP3 decamer is not phosphorylated at Ser198 and therefore not primed for
inflammasome activation (Hochheiser, Pilsl, et al., 2022). Interestingly, recombinant
NLRP12 was also found to be phosphorylated at Ser755 within the LRR domain. While
the relevance of such phosphorylation in NLRP12 is uncertain, a recent study identified
that the phosphorylation status of the NLRP3 LRR domain is critical in regulating its
association with NEK7 and subsequent inflammasome formation (Niu et al., 2021). It is
known that NLRP3 interacts with NEK7 at the microtubule organizing center (MTOC),
to where it localizes via microtubule retrograde transport (Li et al., 2017; Magupalli et
al., 2020). Interestingly, recombinant NLRP12 co-purified with endogenous proteins of
the tubulin superfamily (Figure 3-3e), suggesting that active NLRP12 is transported to
the MTOC by a similar mechanism. Importantly, phosphorylation sites identified in the
here presented study are purely based on mass spectrometry data obtained with
recombinant protein. Due to differences in the kinome of insect and human cells,

recombinant NLRP12 might be phosphorylated at artificial sites. Moreover, the
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consequences of such modifications can only be interpreted based on knowledge about
NLRP3, since the role of post-translational modifications in regulating NLRP12 has not
yet been investigated. Thus, to validate that phosphorylation of the identified residues is
important for the regulation of NLRP12, studies on endogenous protein should be
conducted in a more physiological setting such as THP1 cells. Mutational studies on
NLRP12 could then help to delineate its regulation by post-translational modifications.
Intrinsic ATPase activity has been shown to be important for the function of NLRP12
(MacDonald etal., 2013; Ye et al., 2008). Mechanistically, activated NLR family proteins
are thought to couple ATP binding and hydrolysis with the generation of
mechanochemical work to implement conformational changes that regulate the exposure
of oligomerization interfaces (Danot et al., 2009; Sandall et al., 2020). Interestingly,
purification of recombinant NLRP12 in the absence of the zwitterionic surfactant CHAPS
resulted in protein that possesses ATPase activity, while presence of CHAPS during lysis
rendered the protein inactive (Figure 3-4). While it is not yet clarified how CHAPS
modifies NLRP12 activity, one hypothesis might be that it works as a detergent and
solubilizes NLRP12, whereby interactions with cellular membranes are abrogated. In this
context, it is important to review that, upon potassium ion efflux across the plasma
membrane, the polybasic cluster in NLRP3 is thought to interact with negatively charged
phosphatidylinositol-4-phosphate (PtdIns4P) on the dispersed frans-Golgi network
(dTGN), which was found to be an essential step for the assembly of the NLRP3
inflammasome (Chen & Chen, 2018; Tapia-Abellan et al., 2021). Also, in NLRP12 a
basic region could be identified in the FISNA domain (Figure 3-1), which might equally
couple NLRP12 inflammasome formation to localization on cellular membranes. Indeed,
cigarette smoke extract was found to trigger recruitment of NLRP12 to membrane
microdomains in A549 cells, where it interacts with caveolin-1 and is potentially
activated for inflammasome formation (Singh et al., 2018). Interestingly, samples of
purified NLRP12 comprised liposomes even though CHAPS was contained in the lysis
buffer (Figure 3-3d). However, no direct interaction between liposomes and aggregates
of NLRP12 could be observed under these conditions. Regarding ATP hydrolysis
activity, it might also be possible that liposomes, which are co-purified in the absence of
CHAPS, comprise small amounts of contaminating NTPases. In line, thermal shift
denaturation assay as a readout for conformational change did not show alterations in
thermal stability of NLRP12 upon incubation with ATP (Figure 3-4d). However,

mutational analysis showed that measured ATPase activity was indeed dependent on
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NLRPI12 and not an artifact from contaminating proteins, since turnover was reduced
when mutations were introduced in the Walker B or sensor I motif, respectively (Figure
3-5). To further conclude about the ATP hydrolysis mechanism in NLRP12, robust data
for wildtype and mutant variants is needed. Therefore, the data needs repetition to ensure
significance of the distinct hydrolysis activity.

When NLRP12 was incubated in the presence of ATP and magnesium chloride, not
only ADP but also small amounts of AMP have been generated (Figure 3-4b). Notably,
presence of NLRP12 did also catalyze the conversion of ADP to ATP and AMP (Figure
3-4c). Surprisingly, NLRP12 was thus found to harbor adenylate kinase activity. In
theory, the consumption of two molecules ADP should result in one molecule AMP and
ATP each. However, a lower amount of ATP was observed as if compared with AMP
(Figure 3-4c). This can be explained by the coupled ATPase activity of NLRP12 that
might cause rapid conversion of ATP back to ADP once it is generated. At the same time
a favored affinity of NLRP12 towards ATP is likely, since ATP is consumed even when
ADP is present in great excess. While adenylate kinase activity has already been proposed
for NLRP3 (Brinkschulte, 2020), the underlying mechanism and its physiological role in
NLRP12 are completely unknown. But interestingly, a coupled ATPase-adenylate kinase
mechanism is not unique to NLR family proteins, as some members of the related AAA+
family of ABC transporters and also human adenylate kinase 6 have been shown to
possess similar activity (Drakou et al., 2012; Kaur et al., 2018; Kaur et al., 2016). As
proposed for the ABC transporter MsbA, this activity could involve the canonical and an
additional nucleotide binding site in close proximity (Kaur et al., 2018).

Undoubtedly, only structural data of NLRP12 can ultimately reveal such secondary
binding site and help to gain mechanistic understanding. Unfortunately, particles of
human NLRP12 were not suitable to solve their structure using electron microscopy
(Figure 3-3f). It is assumed that they are not well structured and inhomogeneous in
conformation. To improve particle quality, the purification conditions have already been
optimized for enhanced protein stability and cleavage of the MBP affinity tag. But
potentially artificial post-translational modification might affect protein conformation.
Thus, purification from a more physiological expression system such as HEK293T cells
could be tested. Additionally, missing interaction partners that might be essential for
proper conformation could be co-expressed with NLRP12. Interestingly, heat shock
proteins (HSP)70 and 90 were described to associate with NLRP12 and to be required for
its activity (Arthur et al., 2007; X. Li et al., 2021). Indeed, HSP70 and HSP90 are
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molecular chaperones that assist in folding and maturation of proteins, thereby preventing
misfolding and aggregation (Wegele et al., 2004).

The NLRP12 inflammasome has been demonstrated to form in a PYD-dependent
manner (Wang et al., 2002). To be more precise, polymerization of the PYD is thought
to be required for the interaction with ASC (Lu et al., 2014). To study NLRP12
inflammasome formation uncoupled from intricate regulatory mechanisms, the PYD of
NLRP12 was investigated as its supposed effector domain. Similar with NLRP9, no self-
polymerization of the NLRP12 PYD could be demonstrated in vitro or in HEK293T cells
(Figure 3-7 and Figure 3-8). However, overexpression of full-length NLRP12 was found
to trigger ASC speck formation in HEK293T cells whereas NLRP9 did not (Figure 2-2
and Figure 3-2). Importantly, this result argues for the capability of NLRP12 to nucleate
ASC specks, although it does not explain its inability to form PYD filaments. /n silico
analysis based on the crystal structure of NLRP12PYP (T. Jin et al., 2017) revealed that
the protein adopts a conformation with hallmarks of both, monomeric and filamentous
PYDs (Figure 3-9). Still, no steric clash between two subunits in a potential filament
could be identified, arguing against conformational restraints that might restrict self-
polymerization. In line with this observation, detailed analysis of the putative interfaces
formed in a NLRP12PYP filament did not reveal residues that would clearly interfere with
its assembly (Figure 3-10). Au contraire, it was even found that charged surface patches
formed by the ‘B-end’ of a putative NLRP12PYP filament would provide a proper
interface for the nucleation of ASC (Figure 3-12). Only residues Glu21 and Glu49 might
establish repulsive forces within the type III interface in the filament (Figure 3-10). In
case of NLRP3, both glutamates are conserved but integrated in a salt bridge with an
arginine in proximity (Hochheiser, Behrmann, et al., 2022). However, substitution of the
corresponding tryptophan (Trp45) in NLRP12 with an arginine did not result in a protein
that formed defined filaments under the conditions tested (Figure 3-11). Nevertheless, it
would be worthwhile to test this mutation in HEK293T cells. Collectively, the molecular
analysis did not reveal an explanation for the inability of NLRP12PYP to self-polymerize.

NLRP12 also plays a role in regulating the NF-xB pathway, although the function of
its PYD in anti-inflammatory signaling remains to be elucidated. NLRP12 was
demonstrated to interact with the pro-apoptotic protein FAF-1 (FAS-associated factor 1)
via non-homotypic PYD interaction (Pinheiro et al., 2011). FAF-1 is not only a member
of the FAS death-inducing signaling complex but can also regulate cell survival by

directly suppressing NF-«B signaling, thus indicating a likely synergistic effect of FAF-1
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and NLRP12 (Menges et al., 2009; Pinheiro et al., 2011). It can be postulated that the
NLRPI2PYD is regulated to switch between inflammatory and anti-inflammatory
signaling by a yet unknown mechanism, which might well explain its inability to form
filaments under the conditions tested. Intriguingly, interaction of NLRP12 with FAF-1
critically relies on the hydrophobic nature of Trp45 (Pinheiro et al., 2011), which is part
of the previously discussed type III interface in the filament (Figure 3-10¢). In conclusion,
this suggests an important role of this interface for the effector function of the NLRP12
PYD. Still, it is possible that the NACHT and LRR domains of NLRPI2 aid in

oligomerization or that NLRP12PYP

is able to trigger ASC polymerization regardless of
filament formation. To test these hypotheses, ASC speck formation should be tested with
different constructs of NLRP12 entailing the PYD, NACHT, or LRR domains as well as
their respective subdomains. Likewise, oligomerization of NLRP3 via the NBD was
initially assumed to be required for the interaction with ASC, since NLRP3PYP did not
nucleate ASCPYP filament formation in fluorescence polarization assays (Lu et al., 2014).
However, the here presented study and others unambiguously showed that NLRP3?YP can
form filaments that are capable to nucleate ASC polymerization ((Hochheiser, Behrmann,
etal., 2022; Marleaux et al., 2020; Stutz et al., 2017), Figure 2-9). Such discrepancy might
reflect different construct design, post-translational modification or assay condition.
Indeed, NLRP3PYD polymerization is regulated by a single phosphorylation at Ser5 (Stutz
et al., 2017). While this particular serine residue is not conserved in the NLRP12 PYD
(Figure 3-1), the recently described CAPS mutants G52S and A57S (Wang, 2022) may
introduce SP and SQ phosphorylation motifs that potentially lead to charge-assisted
activation of NLRP12. Moreover, Cysl1 was previously shown to establish a disulfide
bond in a crystallographic dimer of the NLRP12 PYD (Jin et al., 2018). Physiologically,
high local levels of reactive oxygen species (ROS) were proposed to enable disulfide
bond formation during infection or tissue damage (Jin et al., 2018). Thus, it is conceivable
that disulfide bond formation stabilizes the formation of asymmetric interfaces in a
NLRP12PYP filament. In contrast, reducing conditions during purification or in the
cytoplasm of HEK293T cells might dissolve such linkage. In context of full-length
NLRP12, the protein might translocate to a different cellular compartment, which
potentially allows disulfide bond formation and oligomerization of the PYD.

In the process of trials to obtain diffracting crystals for structure determination,
oligomerization of the NLRP12 NACHT domain has also been investigated. It was found

that previously purified monomers tend to spontaneously form oligomers with an average
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mass exceeding 670 kDa (Figure 3-14c). Conversely, analysis using negative stain EM
revealed that the size of such oligomers was inhomogeneous and too small to correlate
with the before determined mass (Figure 3-14b), indicating dissociation into smaller
species including dimers. Thus, it was assumed that monomers and oligomers of MBP-
NLRPI2NACHT are in a dynamic equilibrium, which explains the phenomenon of not
diffracting protein crystals because concomitant conformational change would likely
disorder crystal packing. However, the ‘binary switch’ mechanism proposed for STAND
ATPases includes the exchange of bound nucleotide prior to oligomerization (Danot et
al., 2009; Lisa et al., 2019). In detail, the resting state is thought to be a long-lived,
‘closed’, and ADP-bound monomer. Binding of an inducer can trigger unmasking of
oligomerization interfaces by isomerization of the protein into an ‘open’ form, which then
enables the exchange of ADP with ATP and in turn promotes and stabilizes a multimeric
assembly. Subsequent ATP hydrolysis is thought to dissolve such assembly and to return
the protein back to the resting form (Danot et al., 2009). Importantly, the postulated
‘binary switch’ mechanism is particularly supported in NLR family proteins by structural
studies on APAF-1 (apoptotic protease activating factor-1), NLRC4, and NLRP3 (Cheng
etal., 2016; Hu et al., 2013; Reubold et al., 2011; Sandall et al., 2020; Sharif et al., 2019;
Tenthorey et al., 2017; Zhang et al., 2015). In contrast, further characterization of MBP-
NLRP12NACHT ghowed that the observed oligomerization process is largely independent
from nucleotides. In summary, no nucleotide was bound to MBP-NLRP 12NAHT protein,
and although incubation with ATP did result in slightly increased thermal stability
(ATm = 0.53°C), which might indicate binding capability, MBP-NLRP12NACHT pyrified
as a monomer oligomerized similarly in the absence or presence of nucleotides and
showed no ATPase activity (Figure 3-15). Of note, the effect on thermal stability was
determined as not significant. This might suggest, that MBP-NLRP12NACHT protein is
trapped in a ‘semi-open’ conformation that allows to form low affinity homotypic
interactions but not ATP hydrolysis to adopt the resting form. Alternatively, deletion of
the Pyrin and LRR domains could have generated artificial interfaces that drive rather
unspecific oligomerization of MBP-NLRP 12NACHT protein,

Interestingly, the observed oligomerization behavior of the NLRP12 NACHT domain
resembles a report on oligomerization of the bacterial AAA+ ATPase ClpB. In the
absence of nucleotides, monomers of ClpB have been shown to undergo reversible self-
association into heptamers and intermediate-size oligomers (Akoev et al., 2004).

However, presence of ATPyS or ADP and conditions of low ionic strength stabilized the
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hexameric and heptameric species, respectively (Akoev et al., 2004). Indeed, purification
of MBP-NLRPI12NACHT ynder optimized conditions including low ionic strength
(methods section) did significantly influence oligomerization, but in contrast to ClpB
stabilized the monomer (Figure 3-17). Despite further optimization of the purification
conditions that did not only stabilize the monomer but also allowed for cleavage of the
MBP affinity tag (Figure 3-18), generated crystals of the NLRP12 NACHT domain did
still not diffract. Low resolution and poor-quality diffraction can be a consequence of
loose crystal packing or large solvent channels (Heras & Martin, 2005), since such
conditions would still allow NLRP12NACHT to adopt different conformational states also
in the crystal. To improve diffraction quality, different post-crystallization treatments
such as dehydration could be applied (Heras & Martin, 2005). Moreover, surface
methylation prior to crystallization might be an option to obtain different crystal packing
(Walter et al., 2006). Furthermore, precise mutations or NLRP12-specific drugs that force
the monomeric protein in the ‘closed’ conformation could be applied to improve
conformational homogeneity and reduce disorder in the crystal. NLRP12-specific drugs
have not been developed at the time but interestingly, the inhibitor CRID3 is well known
to prohibit oligomerization of its target NLRP3 (Ismael et al., 2018). Since NLRP3 and
NLRP12 are highly related proteins, CRID3 binding to NLRP12 was tested using
different methods. Importantly, CRID3 did not show binding to NLRP12, confirming its
specificity for NLRP3 (Figure 3-16). This result is supported by a study from Coll et al.,
who showed that a NLRP3-NLRP12 chimera with exchange of the NACHT domains is
no longer protected in a drug affinity responsive target stability (DARTS) assay (Coll et
al., 2019). However, high-resolution structural data of the NLRP3-CRID3 inhibitor
complex would pave the way for the development of novel NLRP12-specific drugs or

mutational studies that could render NLRP12 susceptible to inhibition by CRID3.
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Chapter 4: Investigating NLRP3-specific small molecule

inhibitors

Some work presented in this chapter was accomplished in cooperation with Julia
Hockling, Dr. Gregor Hageliiken, Dr. Jonas Mocking, Dr. Anemarie Steiner, Tim Keuler,
and Dr. Karl Gatterdam (University of Bonn). As a technical assistant Julia Hockling was
involved in the expression and purification of human NLRP3 protein. Dr. Gregor
Hageliiken supervised the crystallographic data collection and processing for structure
determination. Dr. Jonas Mocking and Dr. Anemarie Steiner performed the flow
cytometry analysis of mutant NLRP3 depicted in Figure 4-8c. Tim Keuler performed the
synthesis of compounds shown in Figure 4-11 that have been investigated using SPR
spectroscopy. Dr. Karl Gatterdam performed SPR measurements with CRID3-containing

probes (Figure 4-12a-f), excluding the competitive assays (Figure 4-12g-h).
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4.1 Molecular study of the NLRP3 inhibitor CRID3

NLRP3 is today the best studied member of the NLR family and serves as a prototypical
model for canonical inflammasome activation (Swanson et al., 2019). Importantly, its
dysregulation in sterile conditions can contribute to a variety of complex and often
autoinflammatory diseases, including cryopyrin-associated periodic syndrome (CAPS),
nonalcoholic steatohepatitis (NASH), gout, multiple sclerosis, type 2 diabetes,
Alzheimer's disease, Parkinson’s disease, atherosclerosis, and cancer (Conforti-Andreoni
etal., 2011; Guo et al., 2015; Kim et al., 2016; Schwaid & Spencer, 2021; Strowig et al.,
2012). Today, anti-inflammatory drugs that have been approved in the clinic comprise
diverse kinase or IL-1 pathway inhibitors. However, these rather indirect compounds
were not originally invented with the aim of targeting inflammasomes and thus can lead
to diverse outcomes (Schwaid & Spencer, 2021). For that reason, NLRP3 has attracted
great attention as a direct therapeutic target.

The small molecule compound glyburide (494 Da) is well known as a potent
sulfonylurea-containing antidiabetic drug that specifically blocks the ATP-sensitive
potassium channel in pancreatic B-cells (Ashcroft & Ashcroft, 1992). In 2001, when
inflammasomes had not yet been discovered, Pfizer found that glyburide, independent of
its antidiabetic properties, also inhibited the maturation and release of IL-1p (Perregaux
et al., 2001). Based on this finding, Pfizer developed a novel class of diarylsulfonylurea
compounds with pharmacological anti-inflammatory properties, which they termed
cytokine release inhibitory drugs (CRIDs) (Laliberte et al., 2003; Perregaux et al., 2001).
Initially, CRIDs were speculated to target glutathione S-transferase -1 by modifying the
catalytic center cysteine (Laliberte et al., 2003). Only twelve years later and after
glyburide was found to inhibit the assembly of the NLRP3 inflammasome (Lamkanfi et
al., 2009), Coll and colleagues identified CRID3 (sometimes also referred to as CP-456,
773 or MCC950) to target NLRP3 with an ICso value of 8.1 nM in human monocytes
(Colletal., 2015). After four more years, independent studies demonstrated an interaction
of CRID3 with the NACHT domain of NLRP3, but structural data to clearly identify the
binding site and a detailed understanding of the mode of action were lacking (Coll et al.,
2019; Tapia-Abellan et al., 2019; Vande Walle et al., 2019). Since then, CRID3 developed
as an important tool to manipulate and investigate the NLRP3 inflammasome that was
used in an extensive number of studies and preclinical models (Corcoran et al., 2021;
Mangan et al., 2018). Clinical development of CRID3 stopped after phase Ib testing due

to increased risk of hepatotoxicity, but many advanced sulfonylurea-containing
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compounds inspired by CRID3 have recently progressed into clinical trials as bona fide
NLRP3 inhibiting drugs (El-Sharkawy et al., 2020; Schwaid & Spencer, 2021).

This part of the thesis provides biochemical and structural data about the mode of action
of the NLRP3-specific inhibitor CRID3. I show that CRID3 binds the NLRP3 NACHT
domain with high affinity, thereby stabilizing a ‘closed’ conformation, which inhibits
ATP hydrolysis and inflammasome activation. Determination of a high-resolution crystal
structure of the NLRP3-CRID3 complex allows for detailed analysis of the CRID3
binding site and inhibition specificity. The hexahydro-s-indacene moiety of CRID3 is
incorporated in a hydrophobic cluster formed by four subdomains of the NLRP3 NACHT
domain and the transition LRR. Additionally, the central sulfonylurea group of CRID3
interacts with the Walker A motif of the NLRP3 NBD and is sandwiched between two
opposing arginines from the NBD and HD2, respectively. Finally, the tertiary alcohol
group forms hydrogen bond interactions with a water molecule and residues of HD2. In
this way, CRID?3 acts like a doorstop that is glued between four subdomains of the NLRP3
NACHT domain and the transition LRR, thereby locking NLRP3 in the inactive
conformation. These findings show a prototypic example for direct inflammasome
inhibition, which paves the way for the development of more advanced inhibitors not only

of NLRP3 but also of related family members that share a similar mode of activation.

4.1.1 Purification of recombinant human NLRP3NACHT protein

For structural studies, recombinant human NLRP3 (aa 131-694, referred to as
NLRP3NACHT) wag expressed as MBP-fusion protein in the Sf9 insect cell system. The
protein was purified to homogeneity by affinity chromatography, subsequent tag
cleavage, and size-exclusion chromatography in the presence of CRID3 but otherwise

identical conditions as described above for cleaved NLRP12NACHT

protein. A
representative chromatogram of the SEC run after AC and tag cleavage is shown in Figure
4-1a. The majority of the protein eluted as one peak at around 62 ml, corresponding to a
retention volume expected for an approximately 65 kDa protein on this particular type of
column. Other fractions contained oligomeric or aggregated species (void) and unbound
MBP. Using SDS-PAGE analysis, the identity of the central peak could be confirmed as
tag-cleaved NLRP3NACHT and the purity of the protein was determined to be of

crystallization-grade quality (Figure 4-1b). To validate the monomeric state of

NLRP3NACHT * the protein was concentrated to ~10 mg'ml! and subsequently
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characterized using SEC-MALS analysis (Figure 4-1c). Similar with NLRP12NACHT
(Figure 3-18d), the protein eluted as one major peak with a smaller second peak to the
left and the molecular weight of the species was determined as 65.71 kDa and 121.8 kDa,
respectively. Since NLRP3NACHT hag a theoretical mass of 65.9 kDa, the identified species
correspond well to a monomer and dimer. To enable also biochemical characterization of
CRID3 binding, NLRP3MHT was purified in the absence of ADP and CRID3.
Interestingly, peak fractions could only be concentrated to ~1 mg-ml!, indicating reduced
protein stability and solubility, compared to the much better behaved NLRP3NACHT that
was purified in the presence of ADP and CRID3. However, SEC-MALS experiments

showed that monomers of both proteins are equally stable (Figure 4-1d).
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Figure 4-1: Purification of NLRP3™CHT (a) Representative chromatogram of NLRP3NACHT injected onto
a Superdex 75 PG 16/600 size-exclusion column after affinity purification and tag cleavage. Elution of
protein was followed via the absorbance at 280 nm wavelength. The red area indicates pooled fractions of
the monomeric peak. (b) Coomassie-stained samples from different steps of the purification process and
fractions from (a) after reducing SDS-PAGE. M: marker, AC: affinity chromatography, TEV: tag cleavage
using TEV protease. The technical assistant Julia Hockling was involved in the expression and purification
of NLRP3 protein. (¢, d) Elution profile from analytical gel filtration of 50 pg monomeric NLRP3NACHT
injected onto a Superdex 200 Increase 10/300 GL column and corresponding molar mass as determined by
multi angle light scattering (MALS). NLRP3NACHT wag purified in the (¢) presence or (d) absence of the
ADP and CRID3 ligands prior to MALS analysis.
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4.1.2 Biochemical characterization of CRID3 binding

To find out whether the NLRP3NACHT construct is capable of interacting with CRID3,
different binding experiments have been performed. It has already been proposed that
CRID3 might block enzymatic activity of NLRP3 (Coll et al., 2019). Thus, ATPase
3NACHT

activity of monomeric NLRP

CRID3 binding. NLRP3NACHT was found to hydrolyze ATP with a turnover rate of ~0.03

protein was investigated as a potential readout for

min’! and this activity was indeed almost abrogated in the presence of CRID3 (Figure
4-2a,b). Also, thermal stability of NLRP3NACHT in the presence of nucleotides and CRID3
was analyzed. As depicted in Figure 4-2c, the presence of CRID3 resulted in a tremendous
stabilization of NLRP3NACHT protein (ATw = 20.2°C). Importantly, this effect was found
to be dose-dependent and therefore likely specific for the protein-compound interaction
(Figure 4-2d). NLRP3 is also significantly stabilized in the presence of the nucleotides
ADP (ATm = 4.8°C) or ATP (ATwm = 4.1°C) but interestingly, presence of both CRID3
and nucleotides did not result in additive stabilization (A7m = 20.5°C and 20.3°C, Figure
4-2¢). This suggests that CRID3 binding might lock NLRP3 in an inactive conformation
that is not affected by nucleotide binding or even renders the nucleotide binding site as
inaccessible.

To finally determine the kinetics and affinity of CRID3 binding, the interaction was
studied using SPR spectroscopy (Figure 4-2¢, f). For this purpose, human NLRP3NACHT
(aa 131-694) was expressed as N-terminal Avi- and Flag-tagged fusion protein in
HEK293T cells. The protein was biotinylated intracellularly by co-transfection of BirA,
purified via the Flag tag, and finally bound to a streptavidin-functionalized SPR sensor
chip (methods section). Importantly, CRID3 specifically bound to NLRP3NACHT with
rather slow kinetics and high affinity in the nanomolar range. Using a 1:1 binding model,
the second-order association constant (ka), the first-order dissociation constant (kq), and
the equilibrium dissociation constant (Kp) were determined to be 4.54 x 10° M! s!,
5.09 x 107 s7!, and 1.84 x 108 M, respectively. Saturation of the available CRID3 binding
sites was reached with concentrations >150 nM, resulting in a reasonable response unit
level of ~17 RU (Figure 4-2¢). Importantly, this rules out the chance of unspecific binding
of CRID3 and therefore confirms its specificity. Taken together, CRID3 specifically
binds to and stabilizes a monomer of the NLRP3 NACHT domain, which prevents its

hydrolysis activity and activation into a signaling competent state.
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Figure 4-2: Binding study of the inhibitor CRID3 to NLRP3. (a, b) Hydrolysis assay based on ion-
pairing reverse phase HPLC. 3 uM of NLRP3NACHT wag incubated with 30 uM ATP in the presence of 2%
DMSO or 30 uM CRID3 at 25°C. MgCl. was already included in the purification buffer. Every 10 minutes
a sample was injected onto a Chromolith Performance RP-18 HPLC column and elution of nucleotides was
followed via the absorbance at 259 nm wavelength. The area under the curve was used to calculate the peak
ratios and subsequently estimate the concentration of (a) ATP and (b) ADP as the educt and product of the
enzymatic reaction. Data points are mean + SEM of three independent experiments. (¢) Thermal shift assay
of 3 uM NLRP3NACHT i the presence of 2% DMSO or 30 uM ligands ADP, ATP, and CRID3. The
measurement was setup with a temperature ramp ranging from 15-95°C, a slope of 1.5°C-min’!, and a 90%
laser intensity. Data points are representative of three independent experiments. n = 3 £ SEM; **** P <
0.0001 (two-way ANOVA followed by the Dunnett’s multiple comparisons test). (d) Thermal shift assay
of 3 uM NLRP3NACHT in the presence of 2% DMSO or different concentrations of CRID3. NLRP3 is
stabilized in a dose-dependent manner. Data is representative of three independent experiments. (e)
Sensorgram following the specific binding of CRID3 to NLRP3NACHT a5 measured by SPR. Arrows indicate
injections of 2.34, 4.68, 9.37, 18.75, 37.5, 75, 150, 300, and 600 nM CRID3, respectively. The second-
order association constant (ka) and first-order dissociation constant (ka) were calculated from a 1:1 binding
model. (f) For steady state analysis, the response in equilibrium (Req) was determined from (e) and plotted
versus the analyte concentration. The equilibrium dissociation constant (Kp) was calculated from a binding
model.
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4.1.3 Determination of an X-ray crystal structure of NLRP3 in complex with CRID3

To investigate the NLRP3-CRID3 complex at the molecular level, the recombinant
protein that was purified in the presence of CRID3 was subjected to crystallization trials
for the determination of a high-resolution X-ray crystal structure. Interestingly, intensive
screening for successful crystallization conditions revealed two different crystal forms of
the NLRP3-CRID3 complex. The first crystal form represents needle clusters that could
be optimized in size by specific concentration of sodium ions (Figure 4-3a). But however,
these crystals showed only poor diffraction. In contrast, a second crystal form
representing plates with scalpel-like morphology showed high-resolution diffraction
(Figure 4-3b). After optimization of the crystallization conditions, the final crystal
appeared in 0.1 M MES pH 6.5, 0.19 M calcium chloride, 28% (w/v) PEG400 and was
measured using the P13 beamline of the Deutsches Elektronen Synchrotron (DESY)
located in Hamburg (Figure 4-3c¢).

crystal form | | ——— b [cys@iform i

Figure 4-3: Crystal forms and diffraction image of human NLRP3™CHT protein. (a, b) Representative
crystals of NLRP3NACHT ip the presence of CRID3 appeared in two different sets of optimization conditions.
Crystal form I represents needle clusters with poor diffraction. Crystal form II represents scalpel-formed
single crystals with high-resolution diffraction. (¢) Final crystal of NLRP3NACHT just before measurement
at the synchrotron. The red cross and blue circle represent the beam position and its approximate diameter,
respectively. (d) Diffraction image of NLRP3NACHT with single spots that diffracted higher than 2.48 A
resolution. Data collection and processing was supervised by Dr. Gregor Hageliiken (University of Bonn).
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The recorded diffraction images revealed single spots with a resolution higher than 2.48 A
and a diffraction pattern clearly evidencing protein crystals (Figure 4-3d). Consequently,
the dataset could be successfully processed in space group C 1 2 1 at a final resolution of
2.48 A (Table 4-1). Initial phases were obtained by molecular replacement using the
coordinates of NLRP3 from the NLRP3-NEK?7 cryo-EM structure (PDB: 6NPY, aa 134-
694) as a search model. As the C-terminal section of the cryo-EM structure showed clear
discrepancy with the calculated electron density map, model building of this part of
NLRP3 was guided by the AlphaFold2 structure prediction (Jumper et al., 2021). Finally,
the model of NLRP3 could be built as a continuous chain spanning residues 134-679 with
the exception of seven disordered loop regions (151-164, 177-200, 213-218, 452-462,
513-515, 540-553, 620-622) and was refined to Rwork 0f 20.96% and Riree 0f 23.68% with
excellent stereochemistry (Table 4-1, Figure 4-4). Additional details of the data
collection, quality, and refinement statistics are shown in Table 4-1.

The central NLRP3 NOD module classifies in the NACHT clade within the STAND
ATPase family (Danot et al., 2009; Leipe et al., 2004). As such it contains a P-loop
nucleotide binding domain (NBD, aa 218-371) that is extended by a helical lid domain
(HD1, aa 372-433) and the regulatory winged helix domain (WHD, aa 434-540). The
NOD module is followed by a structural spacer element (HD2, aa 541-648) and the
C-terminal LRR domain, which can be divided in a transition (trLRR) and a canonical
(cnLRR) segment (Figure 4-4a). In NLRP3, the NBD is made from the classical five-
stranded a-B-o Rossmann-like fold with the exception of two antiparallel beta strands
formed by residues 269-271 and 325-327 (Figure 4-4b). In contrast to other STAND
ATPases, the NLRP3 NBD does not contain the conserved hhGREXE motif that is
typically found in a region that precedes the first beta strand (roughly 25-30 residues
upstream of Walker A) and interacts with the adenine moiety of the nucleotide (Danot et
al., 2009; Leipe et al., 2004). Instead, NLRP3 contains an N-terminal FISNA domain (aa
131-217) that docks on the last beta strand of the NBD by forming an antiparallel beta
sheet with residues 172-175 (Figure 4-4b). Additionally, a solvent exposed polybasic
cluster is included in a helix (aa 136-147) that is stabilized on the NBD by multiple
hydrophobic interactions (Figure 4-4a, b, Figure 4-9a). The activation loop that harbors
the tandem SP193-SP201 phosphorylation motif, which is an essential regulatory element
during priming (Paik et al., 2021), is intrinsically disordered and therefore not resolved

in the structure (Figure 4-4b).
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Table 4-1: Crystallographic data collection and refinement statistics of NLRP3NACHT

Data collection
Space group Cl21
a, b, c(A) 107.09, 100.25, 62.66
a, B,y (°) 90.00, 105.25, 90.00
Resolution (A)* 42.60-2.48 (2.57-2.48)
Rmerge (%) 9.76 (168.50)
I/s (1) 9.96 (0.89)
Completeness (%) 99.65 (98.63)
CCin 0.998 (0.568)
cc* 1.000 (0.851)
Redundancy 6.8 (6.8)
Refinement
Resolution (A) 42.60-2.48
Number of reflections 22 625
Ruwork/Rirec® 0.210/0.237
Number of atoms
Protein 3895
Ligands 59
Water 30
B factors
Protein 100.90
Ligands 77.34
Water 74.23
RMSD
Bond lengths (A) 0.003
Bond angles (°) 0.61
Residues in Ramachandran
Favored regions (%) 98.24
Allowed regions (%) 1.76
More quality parameters
Rotamer outliers (%) 0.23
Clashscore 5.70
MolProbity Score 1.31
PDB
Accession number unpublished

 Values in parentheses are for the highest resolution shell.

® Riree value is equivalent to the R value but is calculated for 7.81% of the reflections chosen at random and
omitted from the refinement process.

Ensuing the NBD, HD1 is packed as a four helical bundle, whereas the WHD is packed
as five winged helices and two short antiparallel beta strands (aa 508-511 and aa 517-520)
that form a beta sheet between the second and third helix (Figure 4-4b). Resembling a
‘crab claw’ (Danot et al., 2009), the WHD folds back towards the nucleotide binding site
(Figure 4-4b). As a consequence, NLRP3 adopts a conformation where the nucleotide is

deeply buried within the protein and likely nonexchangeable. Finally, HD2 forms a seven
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helical bundle that contains three crystallographic calcium ion binding sites and connects
the NOD module with the C-terminal LRR domain (Figure 4-4b). A detailed topology
map of human NLRP3 (aa 134-679) is given in Figure 4-4c.

a basic cluster NACHT acidic loop
human NLRP3

[
131 218 372434 541 649 694
FISNA  NBD  HD1 WHD  HD2 tlRR
' NOD !

activation loop 232

Figure 4-4: High-resolution crystal structure of the NLRP3-CRID3 complex. (a) Domain composition
of human NLRP3 (aa 131-694) with domain boundaries indicated. The basic cluster (aa 131-147) and the
acidic loop (aa 689-702) are drawn as blue and red bars, respectively. (b) Cartoon and transparent surface
representation of the NLRP3-CRID3 complex as determined from the crystal structure at 2.48 A resolution.
Disordered regions are shown as dashed lines. ADP is shown in stick representation and with carbons
colored green. CRID3 is shown in stick-and-balls representation and with carbons colored green. Ions are
shown as green spheres. Water molecules are shown as red spheres. Different domains are color-coded as
in (a) and labelled accordingly. The basic cluster and the activation loop are additionally labelled. (c)
Topology map of human NLRP3 (aa 134-679) color-coded as in (a) and labelled accordingly. Positions of
the basic cluster, the activation loop, the Walker A and Walker B sites, the glutamate switch, the sensor I,
and the conserved proline and histidine residues of NLRP3 are additionally labelled. a: alpha-helix, n: 310-
helix, f: beta-strand. (d-f) Differential electron density (Fo-F., simulated annealing-omit map) of (d)
CRID3, (¢) ADP-Mg?", and (f) water molecules complexing the magnesium ion displayed at + 4 ¢ contour
level.
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Importantly, the ligand binding sites for CRID3 and ADP-Mg?*" were well resolved by
the high-resolution structural data and could be unambiguously identified in the
difference electron density map (Figure 4-4d, ). Moreover, even four coordinated water
molecules could be identified after the placement of the magnesium ion (Figure 4-4f).
Apart from the relevance of the CRID3 binding site, this is to my knowledge the first
study of an NLR family protein to include structural data on the catalytic magnesium ion,
which will provide detailed insights for advanced mechanistic understanding of the
ATPase function in inflammasomes and future development of better pharmacological

inhibitors.

4.1.4 The NLRP3 NACHT domain adopts a ‘closed’ and inactive state

To determine whether NLRP3 is in the active or inactive state, the overall conformation
of the subdomains was investigated. For this purpose, the model was first compared with
the cryo-EM structure of inactive NLRP3 (PDB: 6NPY) that was used for the initial
molecular replacement (Figure 4-5a). Both structures follow the same overall
arrangement of secondary structure elements but with slightly different assignment of the
amino acid register especially in the C-terminal section. As already stated before, the
C-terminal section of the cryo-EM structure did not match with the electron density map
that was calculated from the diffraction data and thus this part of the model had to be
rebuilt. It is likely that due to the lower resolution of the cryo-EM structure some loops
have been assigned incorrectly, which explains the observed shifts in the amino acid
register. The NLRP3 crystal structure was also compared with a prediction performed by
the recently released AlphaFold2 server (Jumper et al., 2021). Interestingly, AlphaFold2
predicted a different conformation of NLRP3 with a ~90 ° rotation between the HD1 and
WHD domains relative to the crystal structure (Figure 4-5b). This conformational
difference is in line with the transition of STAND ATPases from an inactive to an active
state (Danot et al., 2009; Sandall et al., 2020). Indeed, subunits of an active mouse NLRC4
oligomer (PDB: 3JBL, (Zhang et al., 2015)) show a similar ‘open’ conformation as the
AlphaFold2 prediction of NLRP3 (Figure 4-5c, d). Overall, this leads to the conclusion

that the crystal structure of NLRP3 represents a ‘closed’ and most likely inactive state.
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Figure 4-5: Conformation of the NLRP3-CRID3 complex. The left panels show overlaid cartoon
representations of the NLRP3 crystal structure (residues 134-679), the cryo-electron microscopy structure
of inactive NLRP3 (PDB: 6NPY, residues 139-694), one subunit from the cryo-electron microscopy
structure of an active NLRC4 inflammasome (PDB: 3JBL, residues 99-612) and a prediction of NLRP3
(residues 134-679) performed by the AlphaFold2 server (Jumper et al., 2021). The respective FISNA-NBD-
HDI regions have been aligned. Helices are shown as cylinders. In the right panels each residue in the
reference molecule (x-axis) is plotted versus the nearest residue of the aligned molecule (y-axis). A straight
line with a 45° angle indicates overall conformational similarity, whereas spreading indicates for a distinct
conformation. Shifts in the line correspond to differences in the amino acid register, which indicate e.g.,

shorter or longer loop regions.
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4.1.5 CAPS mutants disrupt interdomain interactions that stabilize the inactive state
Knowing that the NLRP3 crystal structure represents a ‘closed’ conformation, the
cryo-EM structure of active mouse NLRC4 (PDB: 3JBL) and the NLRP3 structure
prediction from AlphaFold2 can be used to model the transition from the ‘closed’ and
inactive to the ‘open’ and active conformation. Such transition model then allows to
determine intramolecular interdomain interactions that stabilize both states. In this way,
three interfaces could be identified in NLRP3 that are established in the inactive state and
need to be resolved during activation (Figure 4-6a-c). The first interface is formed
between the NBD and the WHD of NLRP3 (Figure 4-6a). Unfortunately, the sidechain
of Glu511 (WHD) is not well resolved in the electron density map but its position fits
well to form a salt bridge with the adjacent Arg262 (NBD). Alternatively, the oxygen
atom of Ser519 (WHD) could serve as a hydrogen bond acceptor for the arginine residue.
Furthermore, residues GIn308 and GIn480 (Figure 4-6a), as well as the conserved His522
and the B-phosphate of ADP, form additional hydrogen bonds interconnecting the WHD
with the NBD and the HD1 (Figure 4-9¢c). A second interface is predominantly formed
by hydrophobic and van der Waals interactions between Phe304, Phe311, Val353,
Ala354, and Glu356 of the NBD and Phe568, Tyr572, and Ile574 of the HD2. Residues
Glu356 and Tyr572 form an additional hydrogen bond interaction that further stabilizes
this interface (Figure 4-6b). The third interface is established between the NACHT and
the LRR domain and is composed of hydrophobic interactions between Val404, Thr407,
Met408, and Phe410 of the HD1 and Met661 and Met664 of the transition LRR segment
(Figure 4-6¢).

Over the past decade, numerous gain-of-function mutations in NLRP3 have been
identified in patients with cryopyrin-associated periodic syndromes (CAPS), which
subsume a spectrum of autoinflammatory phenotypes and clinical features (Booshehri &
Hoffman, 2019). While the mechanisms leading to CAPS are not completely understood,
it is well established that NLRP3 becomes hyperactive and participates in inflammasome
formation that is independent from ligand sensing (signal II), which in turn results in
elevated levels of pro-inflammatory cytokines together with systemic and tissue
inflammation (Booshehri & Hoffman, 2019). Interestingly, by mapping all verified and
pathogenic mutations on the NLRP3 crystal structure it becomes apparent that almost all
mutation sites cluster at least close to one of the three interdomain interfaces or the
nucleotide binding site, thus likely destabilizing the autoinhibited conformation (Figure

4-6d). Indeed, three mutation sites — Arg262, Ala354, and Met661 — are even directly
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involved in interface formation, thereby validating their importance for stabilizing the
subdomain assembly in the inactive state. A list of all validated and pathogenic mutation
sites in the NLRP3 NACHT domain as well as their potential effects is given in the right
panel of Figure 4-6d.

mutation  disease phenotype structural effect
R262W/L/P FCAS, MWS, NOMID NBD-WHD interface
L266H NOMID Position of Walker B and R262
D305N/G MWS, NOMID Position of sensor |
E306K NOMID Position of catalytic water molecules
L307P FCAS Position of Walker B
T350M MWS Position of sensor |
A354V MWS NBD-HD?2 interface, sensor |
T438l NOMID WHD-HD?2 interaction
A441V FCAS WHD-HD?2 interaction
F525C MWS HD1-WHD interaction
G571R MWS NBD-HD?2 interaction
E629G FCAS HD2 integrity
L634F NOMID HD2 integrity
M661K FCAS HD1-trLRR interface

Figure 4-6: Interdomain interactions and CAPS mutants in the NLRP3 NACHT domain. (a-c)
Detailed view on the molecular interactions that stabilize the inactive state of NLRP3. Hydrogen bond
interactions are shown as dashed black lines. (d) Cartoon representation of NLRP3 as determined from the
crystal structure (left panel). Domains are color-coded as in Figure 4-4a and residues that have been verified
to be mutated in patients with CAPS are depicted as pink spheres and labelled accordingly. Residues that
are also essential for interdomain interactions are highlighted in orange letters. The table (right panel)
summarizes pathogenic mutations and their potential structural effects based on the NLRP3 structure.
Mutation sites are taken from the Infevers database (Van Gijn et al., 2018). CAPS: cryopyrin-associated
periodic syndrome, CINCA: chronic infantile neurological cutaneous articular syndrome, FCAS: familial
cold autoinflammatory syndrome, NOMID: neonatal-onset multisystem inflammatory disorder, MWS:
Muckle-Wells syndrome.

4.1.6 Molecular analysis of the CRID3 binding site

In line with its high affinity and tremendous stabilizing effect (Figure 4-2), CRID3 was
found to bind into a cleft in NLRP3 located on the backside of the Walker A motif and
formed by four subdomains of the NACHT domain and the transition LRR (Figure 4-4b).

Importantly, high resolution structural data allowed for unambiguous identification of the
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CRID3 binding pose (Figure 4-4d), which enabled detailed molecular analysis of the
binding interface with a buried surface area of 552 A2 as determined by PDBePISA
(Krissinel & Henrick, 2007) (Figure 4-7a, b). It was found that the hexahydro-s-indacene
moiety interacts with the sidechain of the superjacent Ile411 and thereby integrates into
a surrounding hydrophobic cluster that is formed by residues Met408, Phe410, Ile411,
and Leu413 of the HD1, Thr439, Tyr443, and Thr525 of the WHD, Phe575 and Tyr632
of the HD2, and Met661 of the trLRR domain. The central sulfonylurea group is
sandwiched between Ala228 (mainchain) and Arg351 of the NBD and Arg578 of the
HD2 by forming hydrogen bond interactions. Residue Arg578 is further stabilized by a
salt bridge with Glu629. Finally, residues GIn624 and Glu629 of the NLRP3 HD2 domain
were identified to participate in hydrogen bonding with a water molecule and the tertiary
alcohol group of CRID3, resulting in a specific configuration of Pro625. It is noteworthy
that no polar interaction with the oxygen atom of the furan moiety in CRID3 was
identified within a distance shell of 4.2 A, but Ala227 of Walker A could be involved in
hydrophobic interactions since no solvent molecules are present in between. A simplified

view on the molecular interactions of CRID3 with NLRP3 is given in Figure 4-7c.
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Figure 4-7: The CRID3 binding site in NLRP3. (a) Structural formula of CRID3 with deprotonated
nitrogen (at neutral pH; pKa value of 4.74) and depiction of the different moieties. (b) Detailed view on
important molecular interactions of NLRP3 with CRID3. Important mainchains and sidechains are shown
as sticks. CRID3 is shown in stick-and-balls representation and with carbons colored green. The magnesium
ion is shown as a green sphere. Water molecules are shown as red spheres. Hydrogen bond interactions are
shown as dashed black lines. (¢) Simplified view on the molecular interactions of NLRP3 with CRID3
generated with LigPlot+ (Laskowski & Swindells, 2011).
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To confirm these findings, variants of NLRP3 with an exchange of key residues in the
CRID3 binding site have been generated by site-directed mutagenesis. Mutants of human
NLRP3NACHT (a3 131-694) were expressed as N-terminal Avi- and Flag-tagged fusion
protein in HEK293T cells. Similar with wildtype protein, the NLRP3 mutants were
biotinylated intracellularly by co-transfection of BirA, purified via the Flag tag, and
finally bound to a streptavidin-functionalized SPR sensor chip (methods section, Figure
4-8a). Using SPR spectroscopy, it was found that CRID3 binds to wildtype NLRP3 with
high affinity (Figure 4-2e, f), whereas binding to variants affecting hydrogen bonding
with the sulfonylurea group (A228Q, R351T, and R578A) or the CH-= interaction with
the hexahydro-s-indacene moiety (I411A) was completely abrogated (Figure 4-8b).
Mutations A227E and D662E did also significantly decrease the affinity to CRID3
(Figure 4-8b). This is most likely due to steric occupation of the binding site and the
CRID3 entry vector in NLRP3. However, mild substitutions, such as A227S or F575L,
did not decrease binding of CRID3 to NLRP3 (Figure 4-8b), thereby being proof for the
ability to generate non-destructive variants of the CRID3 binding interface.

Next, the capability of CRID3 to inhibit NLRP3 activation and inflammasome
formation has been determined in cells. For this purpose, HEK293T cells stably
expressing low levels of ASC-BFP have been transfected with variants of full-length
NLRP3, treated with the ionophore nigericin plus-minus CRID3, and subsequently
analyzed using the time-of-flight inflammasome activation method (TOFIE, (Sester et al.,
2015)). As a control, cells have been transfected with wildtype NLRP3 and probed for its
activation and inhibition capabilities. A basal fraction of specking cells could already be
detected in the absence of an inducer but nigericin treatment resulted in a significant
increase in this fraction, whereas presence of CRID3 prevented NLRP3 inflammasome
activation (Figure 4-8c). Similar results were obtained when the NLRP3 variants A227S
or [411F have been transfected, demonstrating that these mutants do not disrupt the
CRID3 binding site in NLRP3 (Figure 4-8c). Besides, treatment of the A227S variant
with nigericin induced the formation of a larger fraction of specking cells as if compared
with the I411F variant or the wildtype control, suggesting that this mutation renders
NLRP3 to be activated more easily (Figure 4-8c). Importantly, transfection of the A227E
and F575L variants also resulted in cells responding to nigericin treatment, but NLRP3
activation could no longer be inhibited by CRID3 (Figure 4-8c). This result indicates that
the integrity of residues A227 and F575 in NLRP3 is essential for the ability of CRID3
to bind to its target site and inhibit NLRP3 activation. However, inability of CRID3 to
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inhibit the F575L variant is puzzling, since high affinity binding could clearly be observed
in the SPR approach (Figure 4-8b). In contrast to the F575L mutant, transfection of
another variant, F575A, did result in autoactivation of NLRP3. But still, the fraction of
active NLRP3 was enlarged with nigericin treatment and well responsive to inhibition
with CRID3 (Figure 4-8c), which is more in line with the SPR data (Figure 4-8b). An
explanation for the discrepancy between the data obtained with the F575L variant in the
SPR approach and in the cellular assay is pending at the time of writing. Interestingly,
most other variants tested were insensitive to activation with nigericin or even activated
in the presence of CRID3 (Figure 4-8c), which leads to the conclusion that the integrity
of this cleft in NLRP3 is essential not only for CRID3 binding but also for the mode of

action of NLRP3 and inflammasome activation.
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Figure 4-8: Mutational study on the CRID3 binding site in NLRP3. (a) Coomassie-stained samples of
wildtype and mutant NLRP3NACHT protein after reducing SDS-PAGE. The protein samples were used for
the SPR spectroscopy approach. M: marker. (b) Sensorgrams following the specific binding of CRID3 to
site-directed mutants of NLRP3NACHT a5 measured by SPR. The bound fraction corresponds to the ratio
between actual response and theoretical maximal response. (¢) Mutational analysis of the CRID3 binding
interface in context of full-length NLRP3. Residues of NLRP3 that have been targeted by site-directed
mutagenesis are depicted in the box. ASC speck formation and inhibition by CRID3 was measured in
HEK293T cells using an inducible NLRP3 expression system. The experiments have been performed by
Dr. Jonas Mdocking and Dr. Annemarie Steiner (University of Bonn). Data points are representative of at
least three independent experiments. n > 3 £ SEM; ns P > 0.05, * P < 0.05, **** P <(0.0001 (two-way
ANOVA followed by the Tukey’s multiple comparisons test). UT: untreated.
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4.1.7 Effects of CRID3 on the NLRP3 ATPase active center

Intrinsic ATPase activity is associated with all functions of NLRP3, suggesting that ATP
binding and hydrolysis plays a central role in regulation (Duncan et al., 2007; MacDonald
et al., 2013; Sandall et al., 2020). Importantly, presence of CRID3 did clearly interfere
with ATP hydrolysis activity of the NLRP3 NACHT domain in vitro (Figure 4-2a, b). To
gain insights into the CRID3 mode of action, the NLRP3 ATPase active center and the
effects of CRID3 binding were investigated at the molecular level. During potassium
efflux, NLRP3 is thought to be recruited to membranes of the dTGN where it interacts
with negatively charged PtdIns4P and becomes eventually activated (Chen & Chen, 2018;
Tapia-Abellan et al., 2021). This interaction is thought to be established by a polybasic
cluster that is part of a helix stabilized by multiple hydrophobic interactions on the NBD
(Figure 4-9a). Interaction of the polybasic cluster with phospholipids plus antecedent
phosphorylation of the succeeding activation loop during priming might in combination
destabilize an interjacent loop that contains residues Argl67, Tyrl68, and Thr169.
Interestingly, during the resting state, these residues seal the bound nucleotide by
interacting with the adenine and sugar moieties to potentially prevent its dissociation
(Figure 4-9b). Still, it is a matter of debate whether dissociation of the bound nucleotide
drives a conformational change to the ‘open’ and active form or if, on the contrary, such
conformational change is prerequisite for nucleotide exchange. However, CRID3 binding
seems not to directly influence the position of this particular loop in NLRP3.

Within the classical Walker A motif (consensus GxxxxGKS/T), residue Lys232 was
expectedly found to interact with the B-phosphate of ADP and Thr233 to participate in
the coordination of the magnesium ion (Figure 4-9¢c, d). The extended Walker B motif
hhhhhD30,GhDE contains three acidic residues. Asp302 and the catalytic Glu306
positioned 4 residues upstream of the Walker B box coordinate three water molecules
around the magnesium ion that might be essential for the nucleophilic attack on ATP and
consequent hydrolysis between the - and y-phosphates (Figure 4-9c). The a-phosphate
of the nucleotide coordinates a fourth water molecule, whereas the B-phosphate directly
interacts with the magnesium ion resulting in an ideal six-coordinate octahedral geometry

(Case et al., 2020) (Figure 4-9c).
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Figure 4-9: The polybasic cluster and nucleotide binding site of NLRP3. (a) Surface representation of
NLRP3 with the helix containing the polybasic cluster (blue) shown in cartoon representation. Solvent
exposed basic residues are shown as sticks and hydrophobic residues that stabilize the cluster on the NBD
are shown with yellow gaussian surfaced sidechains. (b) Surface representation of the nucleotide binding
site. A loop (blue) that follows the polybasic cluster and seals ADP from being released is shown in cartoon
representation with depicted amino acids shown as sticks. (¢) Detailed view on important molecular
interactions of NLRP3 with ADP-Mg?*. Hydrogen bond interactions are shown as dashed black lines. (d)
Simplified view on the molecular interactions of NLRP3 with ADP-Mg?* generated with LigPlot+
(Laskowski & Swindells, 2011).

The observation that four of six direct contacts with the magnesium ion in NLRP3 are
made by water molecules may indicate weak coordination and may be the reason for the
lack of electron density for the divalent ion in other structural data. Asp305 points in
direction of Arg351, which was determined as sensor I. While in the crystal structure
Arg351 forms a hydrogen bond with CRID3 (Figure 4-7b, c), it is plausible that in an
active apo state this residue interacts with both, the y-phosphate of ATP and the negatively
charged Asp305, thereby repositioning the Walker B motif for the hydrolysis reaction.
Interestingly, His260 is in the position expected to be a ‘glutamate switch’ motif in
NLRP3 (Figure 3-1) and related AAA+ ATPases (Wendler et al., 2012). However, in the

crystal structure the residue adopts a conformation where the sidechain is too far away
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from the Walker B motif to directly influence hydrolysis (Figure 4-9c). This might be due
to the extended Walker B motif of NLRP3, which results in positioning of the catalytic
Glu306 one level apart from Asp302 (Figure 4-9c¢). As a consequence, not His260 but the
downstream Arg262 that interacts with the WHD (Figure 4-6a) might be the ‘glutamate
switch’ motif in NLRP3. Furthermore, it is known that a proline residue of HD1 and a
histidine residue of WHD are essential for the interaction with the nucleotide, since they
are distinctive features of NLR family proteins and other STAND ATPases (Danot et al.,
2009; Hu et al., 2013; Sandall et al., 2020). In NLRP3, Pro412 interacts with the adenine
moiety of ADP, whereas His522 forms a hydrogen bond with the B-phosphate, which
significantly adds to the intramolecular interdomain interactions that stabilize the inactive
state (Figure 4-9c, d). Importantly, the preceding Ile411 is superjacent of the hexahydro-
s-indacene moiety of CRID3 (Figure 4-7b). Further interaction of CRID3 with the Walker
A motif (Ala228) and sensor I (Arg351) might rigidify the nucleotide binding site in
NLRP3 and thus explain its ability to inhibit ATPase activity.

4.1.8 CRID3 locks NLRP3 in the inactive state

Since many mutations within the CRID3 interface rendered NLRP3 as none-responsive
to nigericin (Figure 4-8c), it is proposed that the integrity of the CRID3 binding site in
NLRP3 is also essential for inflammasome activation. Consequently, it is hypothesized
that the available space is needed to allow for the rotation of the WHD upon activation of
NLRP3. Mechanistically, such conformational change might be sterically prevented by
different mutations and similarly by binding of CRID3. To test this hypothesis, a model
of active NLRP3 was generated based on the structure of active mouse NLRC4 (Zhang
et al., 2015) and the AlphaFold2 prediction of human NLRP3 (Jumper et al., 2021). By
analyzing the CRID3 binding site, it was found that the cleft was indeed no longer present
in the active conformation and CRID3 would clash with the WHD of NLRP3 (Figure
4-10a). This suggests that CRID3 acts like a doorstop glued between four subdomains of
the NLRP3 NACHT domain and the transition LRR, thereby locking NLRP3 in the
inactive conformation. Importantly, other members of the NLR family may have a similar
cleft to NLRP3 (Figure 4-10b), making them potential targets for future drugs engaging
the same binding site as CRID3. Therefore, the mode of action of CRID3 represents a

prototypical example of direct inhibition of inflammasomes.
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Figure 4-10: CRID3 binding site in the active state and comparison with NLR family members. (a)
Surface representation of NLRP3 as determined from the crystal structure and close up of the CRID3
binding site. CRID3 is shown as sticks-and-balls and interacts with five subdomains (NBD, HD1, WHD,
HD2, and trLRR) of NLRP3. Upon activation, NLRP3 is thought to adopt an ‘open’ conformation following
a 90° rotation of the WHD-HD2-LRR module away from HD1 (Danot et al., 2009). Such conformation is
modeled based on the structure of active NLRC4 (Zhang et al., 2015) and the AlphaFold2 prediction of
NLRP3 (Jumper et al., 2021). The pivot point (Thr438) is highlighted as a white circle. In the ‘open’
conformation, CRID3 would clash with the WHD of NLRP3. (b) Overlaid ribbon representations of the
CRID3 binding site in NLRP3 with structures of inactive bovine NLRP9 (PDB: 7WBT), mouse NLRC4
(PDB: 4KXF), and rabbit NOD2 (PDB: 5IRN).

4.2 Biochemical study of CRID3-containing probes and CRID3 analogs

In cooperation with the group of Prof. Dr. Michael Giitschow (Pharmaceutical Institute,
University of Bonn), we aimed to develop novel CRID3-containing fluorescent and
biotin-tagged probes that can be used e.g., for competition assays, pulldown experiments,
or confocal microscopy. For this purpose, probes that contain a CRID3-related NLRP3
binding unit and a coumarin 343 fluorophore or biotin have been synthesized and their
affinity for NLRP3 has been analyzed using SPR spectroscopy. We also found that no
systematic study on the chemical stability of CRID3 is yet publicly available, although
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its pharmacokinetic and toxicokinetic properties limited its therapeutic development in
the clinic (Corcoran et al., 2021). Therefore, we performed a positional scanning with
respect to the substituents at the sulfur and the terminal nitrogen of the central
sulfonylurea core. The synthesized CRID3 analogs were evaluated for their chemical
stability and affinity for NLRP3 using an HPLC or SPR approach, respectively. While
data about the chemical stability of the CRID3 analogs is not subject of this thesis,
fundamental structure-affinity relationships for CRID3 shall be provided. Selected
fluorescent or biotin-tagged probes and CRID3 analogs that have been measured using

SPR spectroscopy are shown in Figure 4-11.
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Figure 4-11: CRID3-containing probes and CRID3 analogs. Structural formula of CRID3, a CRID3-
based fluorescent (Gii3616) and biotin probe (Gii3618), and three CRID3 analogs with exchange of the ring
oxygen by sulfur (Gii3633), introduction of an unsubstituted aromatic S-substituent (Gii3589), and
exchange of the hexahydro-s-indacene moiety with an octahydroanthracene moiety (Gii3752), respectively.
Differences from the original CRID3 molecule are highlighted in red. All compounds were synthesized by
Tim Keuler from the group of Prof. Dr. Michael Giitschow (Pharmaceutical Institute, University of Bonn).
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4.2.1 SPR binding studies with CRID3-based fluorescent and biotin probes

In line with the crystal structure of the NLRP3-CRID3 complex (Figure 4-10a), previous
studies suggested the eastern sulfonamide part of CRID3 as an appropriate exit vector to
connect a functional moiety (Agarwal, Pethani, et al., 2020; Hill et al., 2017). Thus, we
followed a similar structural design as introduced by Vande Walle et al., who developed
a CRID3-derived probe for photoaffinity labeling (Vande Walle et al., 2019) and used a
benzylamine moiety as a flexible exit vector to connect a coumarin 343 fluorophore or

biotin, respectively (Figure 4-11).
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Figure 4-12: Binding study of CRID3-containing probes. (a, ¢, ) SPR sensorgram following the specific
binding of (a) CRID3, (¢) Gii3616, or (e) Gii3618 to NLRP3NCHT protein from HEK293T cells. Arrows
indicate injections of different concentrations of CRID3 (31.25, 62.5, 125, 150, 300, 600 nM) or CRID3-
based probes (312.5, 625, 1250, 1500, 3000, 6000 nM). The second-order association constant (ka) and
first-order dissociation constant (k¢) were calculated from a 1:1 binding model. (b, d, f) For steady state
analysis the response in equilibrium (Req) was determined from (a, c, e) and plotted versus the analyte
concentration. The equilibrium dissociation constant (Kp) was calculated from a binding model.
Measurements were performed by Dr. Karl Gatterdam (University of Bonn). (g, h) Displacement assays to
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confirm that CRID3 and the CRID3-containing probes engage the same binding pocket on the target protein
NLRP3. The sensorgrams follow the specific and competitive binding of CRID3, Gii3616, and Gii3618 to
NLRP3NACHT protein as measured by SPR spectroscopy. In the first injection step either (g) CRID3 or (h)
CRID3-based probes were provided. Following, equimolar concentrations of the second compound were
injected in the presence of the first compound (second arrow).

SPR analysis revealed specific binding of these compounds to recombinant NLRP3NACHT

protein but with somehow faster dissociation rate and concomitant 7-10-fold lower
affinity as if compared with CRID3 (457 nM and 707 nM versus 68 nM; Figure 4-12a-f).
Of note, the affinity of the probes towards NLRP3 further decreased when the length of
the linker unit was extended (data not shown). To confirm that the fluorescent and biotin
probes share the same binding site with CRID3, binding experiments were performed
under competitive conditions. For this purpose, probes were injected in the presence of
CRID3 and after preceding saturation of the CRID3 binding site on NLRP3 (Figure
4-12g). For further confirmation, the system was also tested the other way around,
meaning NLRP3 was saturated with the individual probe whereafter CRID3 binding was
assayed (Figure 4-12h). Importantly, no significant change in response, indicative of a
second binding site, could be observed, thus arguing for the assumption that CRID3 and

both compounds engage the same binding pocket on the target protein NLRP3.

4.2.2 Structure-affinity relationship of CRID3

To determine the fundamental structure-affinity relationships of CRID3 for NLRP3,
binding affinity of three different analogs has been analyzed using SPR spectroscopy. As
predicted from the structural data, an exchange of the ring oxygen by sulfur might not

significantly influence the affinity towards NLRP3NACHT

protein because the furan moiety
is not much involved in the interaction. Similar with CRID3, such analog indeed showed
high affinity binding (Figure 4-13a-d). Thus, thiophene chemistry becomes a new
synthetic option to develop advanced NLRP3 inhibitors (Keuler et al., 2022).
Interestingly, this is already reflected in some CRID3-inspired compounds that recently
progressed into clinical trials (Schwaid & Spencer, 2021). In contrast, an unsubstituted
aromatic S-substituent strongly decreased the affinity towards NLRP3, which validates
that the tertiary alcohol group significantly contributes to the NLRP3-CRID3 interaction
(Figure 4-13e, f). Further replacement of the hexahydro-s-indacene moiety with an

octahydroanthracene moiety completely abolished the ability to bind to NLRP3, most
likely indicating steric hindrance (Figure 4-13g, h).
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Figure 4-13: Binding study of CRID3 analogs. (a, c, e, g) SPR sensorgram following the specific binding
of (a) CRID3, (¢) Gii3633, (e) Gii3589, and (g) Gii3752 to NLRP3NACHT protein from HEK293T cells.
Arrows indicate injections of 2.34, 4.68, 9.37, 18.75, 37.5, 75, 150, 300, and 600 nM compounds,
respectively. The second-order association constant (k) and first-order dissociation constant (kd) were
calculated from a 1:1 binding model. (b, d, f, h) For steady state analysis the response in equilibrium (Req)
was determined from (a, c, e, g) and plotted versus the analyte concentration. The equilibrium dissociation
constant (Kp) was calculated from a binding model.
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4.3 Discussion and Conclusion
Since the discovery of CRID3 as an NLRP3 inflammasome pathway inhibitor, many
studies investigated its specificity and mode of action. But determination of direct binding
on NLRP3 turned out to be difficult. For that reason, drug discovery efforts have been
constrained by the lack of knowledge about the molecular target of CRID3 and the
mechanism by which it inhibits inflammasome formation. It was not until 2019 that the
direct interaction of CRID3 with recombinant NLRP3 was reported for the first time (Coll
etal., 2019). Using an SPR approach, it could be shown that CRID3 binds to NLRP3 with
high affinity (Kp = 10-224 nM), whereas binding to a Walker B mutant was abrogated.
Based on these findings the authors proposed that CRID3 directly targets the NLRP3
Walker B motif to inhibit ATP hydrolysis and inflammasome activation (Coll et al.,
2019). Four months later, Vande Walle and colleagues reported a selective photoaffinity
labelling assay that also revealed the NLRP3 NACHT domain as the molecular target of
diarylsulfonylurea inhibitors (Vande Walle et al., 2019). While the CRID3 binding site
and its mode of action seemed to be elucidated, structural data clearly confirming these
results were lacking. Only recently, our group reported a cryo-EM structure of an NLRP3
decamer in complex with CRID3 (Hochheiser, Pilsl, et al., 2022). In combination with
the crystal structure presented here, the binding site of CRID3 is unambiguously
identified and the long-standing question about the mode of action of this exciting anti-
inflammatory agent is resolved. Strikingly, CRID3 does not target the NLRP3 Walker B
motif but binds to a cleft located on the backside of the Walker A motif, whereby it ties
together five subdomains of NLRP3 (Figure 4-7). Hydrophobic interactions with the
western hexahydro-s-indacene moiety and multiple hydrogen bond interactions with the
central sulfonylurea and the eastern tertiary alcohol group explain its high specificity and
affinity for NLRP3 as well as the remarkable stabilizing effect (Figure 4-2). While
mutational studies on NLRP3 are solely valid and confirmed the CRID3 binding site
(Figure 4-8), two recent cryo-EM structures of full-length NLRP3 oligomers bound to
CRID3 and a crystal structure of NLRP3 in complex with the CRID3 derivative NP3-146
essentially determined the same binding site and thus further confirm the here presented
results (Dekker et al., 2021; Hochheiser, Pilsl, et al., 2022; Ohto et al., 2022).
Mechanistically, CRID3 interferes with the NLRP3 inflammasome in three ways:

1) Inhibition of nucleotide exchange and ATP hydrolysis

2) Establishment of tight interdomain interactions stabilizing an inactive conformer

3) Prevention of structural rearrangements necessary to form an active state
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One important interaction is established via the sensor I motif in NLRP3 (Arg351), whose
conformation of the sidechain is fixed by the binding of CRID3 (Figure 4-7b).
Interestingly, the crystal structure suggests that in an ATP-bound conformation and in the
absence of CRID3, Arg351 is not only capable of interacting with the y-phosphate of ATP
as a sensor, but also with Asp305 to potentially reposition the Walker B motif for
hydrolysis. Such rather important function would explain why not only the two other
acidic residues (Asp302 and Glu306) that coordinate the magnesium ion are regularly
found in the Walker B motif of NLR family proteins but indeed Asp305 is also widely
conserved (Sandall et al., 2020). Importantly, CRID3 binding clearly interferes with all
functions of the sensor I motif, including the potential interaction with Asp305.
Additional interaction of CRID3 with the Walker A site and residues proximal to the
conserved Pro412 might rigidify the nucleotide binding pocket to collectively inhibit
nucleotide exchange, ATP sensing, and structural rearrangements that are prerequisite for
or consequence of the hydrolysis reaction. Importantly, these ideas are reflected by the
finding that presence of CRID3 inhibits ATP hydrolysis activity of NLRP3 and the
thermal stability data, which showed that presence of nucleotides failed to further stabilize
the CRID3-bound form (Figure 4-2a-c). Interestingly, Dekker and colleagues suggested
that in the absence of compound, Arg351 would likely be able to form a salt bridge with
Glu527 of the WHD (Dekker et al., 2021). This would imply that the sensor I motif is
also involved in interdomain organization (Dekker et al., 2021). Indeed, in the structure
of inactive rabbit NOD2 (PDB: 5IRN) the Arg351-equivalent Arg398 shows the same
conformation without presence of an inhibitor and forms a hydrogen bond interaction
with Asn643 (Maekawa et al., 2016). Therefore, it is plausible that the y-phosphate could
substitute for the electrostatic interaction with Glu527 when ADP is exchanged for ATP
to weaken the interdomain interactions that stabilize the inactive state. To confirm this
hypothesis, determination of a high-resolution structure of NLRP3 in the apo state would
be valuable. While CRID3 binding might disrupt the interdomain interaction between
Arg351 and Glu527, it is fairly compensated by the integration of Arg351 into a number
of new interactions across the WHD and other subdomains of the NLRP3 NACHT and
LRR domains.

Establishment of tight interdomain interactions is essentially the mechanism how
CRID3 stabilizes the monomeric state of NLRP3. The crystal structure suggests that three
intramolecular interdomain interfaces between subdomains of the NACHT and LRR

domains stabilize the inactive monomeric state (Figure 4-6a-c). Interestingly, the
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potential salt bridge between Arg262 and Glu511 in the interface between the NBD and
the WHD was also highlighted by Dekker and colleagues (Dekker et al., 2021). But
unfortunately, their structural data did as well not provide density for the sidechain of
Glu511, indicating flexibility of this part of the protein in both structures. However,
similar interactions can be found in the structures of inactive NOD2 and NLRC4, where
the Arg262-equivalents Arg314 and Arg206 form salt bridge interactions with Glu580
and Asp407, respectively (Dekker et al., 2021; Hu et al., 2013; Maekawa et al., 2016).
Interestingly, in case no magnesium ion is bound to NLRP3, Arg262 forms a salt bridge
with the catalytic Glu306 from the Walker B motif, whereby it moves away from the
interdomain interface (Dekker et al., 2021). While this interaction might be an artifact in
structures of ADP-bound NLRP3 that miss the magnesium ion, it could be relevant during
nucleotide exchange. In this way, the release of ADP together with the dissociation of the
magnesium ion could mechanistically cause the destabilization of the NBD-WHD
interface to trigger conformational changes. In addition, and consistent with the concept
of a ‘glutamate switch’ motif (Zhang & Wigley, 2008), the formation of the NBD-WHD
interaction directly affects the position of Arg262 and thus its interaction with the
catalytic Glu306, which could subsequently regulate hydrolysis activity in NLRP3.

In an oligomeric state, additional intermolecular interactions can be found that further
stabilize the resting state of NLRP3 (Andreeva et al., 2021; Hochheiser, Pilsl, et al., 2022;
Ohto et al., 2022). But disease-relevant mutations that likely interfere with the inactive
state (Figure 4-6d) are each capable to drive hyperactivation and CAPS (Booshehri &
Hoffman, 2019). This might indicate that all of these interactions are rather loose and
only collectively able to regulate the delicate balance between inactive and active NLRP3.
In contrast, binding of CRID3 caused an impressive 20°C shift in thermal stability of
NLRP3NACHT protein (Figure 4-2¢, d), which suggests a very potent stabilization of the
‘closed’ and inactive conformation. Indeed, the ability of CRID3 to close the
conformation of CAPS mutants D305N and T350M (Tapia-Abellan et al., 2019), which
likely affect nucleotide binding and hydrolysis, demonstrates its capability to even modify
the internal energetic profile of mutant and hyperactive NLRP3 to favor the ‘closed’ and
inactive state. CRID3 can also bind to and inhibit the hyperactive mouse NLRP3 A350V
variant (corresponding to A354V in human, NBD-HD?2 interface), whereas the likely
pathogenic L351P mutation in mice (L355P in human) abolishes binding (Vande Walle
et al,, 2019). This difference can be explained by the large structural effects that

potentially come with the L355P mutation. Leu355 is positioned at the center of a helix
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following the sensor I motif (Figure 4-4¢). Mutation to proline disrupts this helix, which
might have consequences for the fold of the NBD and also for the nearby CRID3 binding
site.

Examining a model of active NLRP3, it was found that the CRID3 binding site was no
longer present and CRID3 would sterically clash with the WHD (Figure 4-10a), leading
to the conclusion that CRID3 must also prevent the structural rearrangements necessary
to adopt the active conformation. This concept was basically proven by the finding that
diverse variants of NLRP3 with mutations in the CRID3 interface could no longer be
activated by treatment of cells with nigericin (Figure 4-8c). While such mutations did
probably not interfere with hydrolysis activity or stabilized interdomain interactions, they
obviously modified the cleft in NLRP3 that is formed by these residues. Since integrity
of this cleft is directly coupled with the capability to activate NLRP3, intercalation via
CRID3 seems to be an effective concept of inhibition. Importantly, this concept also
suggests that active NLRP3 cannot be bound by CRID3, since the binding site is no longer
present. However, using an assay based on bioluminescence resonance energy transfer
(BRET), Tapia-Abellan and colleagues could demonstrate that CRID3 also interacts with
the ‘open’ conformation of NLRP3 (Tapia-Abellan et al., 2019). But careful inspection
of their results revealed that the BRET signal after incubation with CRID3 differs
significantly if cells have been treated with CRID3 before or after activation with
nigericin, indicating different conformations. Thus, the mechanism how CRID3 binds to
and inhibits the active NLRP3 conformer remains to be determined. Notably, the
structural rearrangements that lead to the ‘open’ and active conformation are thought to
be shared among STAND ATPases (Danot et al., 2009). Hence, it is well conceivable that
more NLR family members can be inhibited by specific compounds with the same mode
of action as CRID3.

A number of inhibitors with a mode of action distinct from CRID3 have also been
identified. This includes diverse ATPase activity inhibitors, such as CY-09, Bay-11-7082,
Parthenolide, BOT-4-one, MNS, Dapansutrile (OLT1177), INF39, and HS-203873, but
also the NLRP3 oligomerization blocker Tranilast, the cysteine-modifying agents
Oridonin and RRx-001, which attenuate NEK?7 interaction, and JC-171, which probably
attenuates the NLRP3-ASC interaction (Coll et al., 2022; El-Sharkawy et al., 2020).
Noteworthy, the sulfonamide analog JC-171 and its derivatives JC121 and JC124 might
have the same binding site and mode of action as glyburide, since they are based on this

structural entity (Fulp et al., 2018). However, most of these proposed ATPase and protein-
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protein interaction inhibitors have an unknown binding site with low potency and
specificity, which implicates a number of off-target effects (Coll et al., 2022). In contrast,
CRID3 shows high affinity binding to its specific target NLRP3 with a half maximal
inhibitory concentration (ICso) of 7.5 nM and only modest binding (ICso = 11 uM) to its
only known off-target carbonic anhydrase 2 (Coll et al., 2015; Coll et al., 2022; Kennedy
et al., 2021). Thus, interference via CRID3 is a prototypical example of selective and
direct inflammasome inhibition. This is as well reflected by the endeavors of multiple
companies to move advanced CRID3-inspired compounds into the clinic as bona fide
NLRP3-inhibiting drugs (Schwaid & Spencer, 2021).

High level of excitement for CRID3 is further fueled by numerous indications in
treating common diseases for which curative treatment is limited, including arthritis, gout,
fibrosis, coronary artery disease, and Crohn’s disease (Schwaid & Spencer, 2021).
Consequently, many patented next generation compounds are structurally similar to
CRID3 but comprise directed improvements that might come with better pharmacology
and toxicity. In line with the here presented biochemical and structural data (Figure 4-7b,
c, Figure 4-12, Figure 4-13) and previously determined structure-activity relationships of
CRID3 (Harrison et al., 2020; Hill et al., 2017), most compounds that are exemplified in
the patents from IFM, Inflazom, Nodthera, or Jecure and reported to have good potency
and pharmacokinetics show the highest degree of modification on the eastern isopropyl
furan moiety (Schwaid & Spencer, 2021). Since the metabolically reactive furan moiety
is a known cause of drug-induced liver damage (Tian et al., 2022), it is often exchanged
with a variety of bioisosteric aromatic heterocycles such as thiophenes, thiazoles, and
diazoles (Schwaid & Spencer, 2021). Interestingly, while other companies retained the
central sulfonylurea linked to a tricyclic moiety, IFM standardly replaced the urea with
an acetamide that was linked to substituted phenyl (Schwaid & Spencer, 2021). But
importantly, all CRID3-like compounds reviewed by Schwaid and Spencer contain a
hydrophobic western moiety and three central oxygen atoms that, in case of CRID3, form
the critical interactions with the hydrophobic cluster and two arginine residues of NLRP3
(Figure 4-7b), suggesting the same mode of action for these novel compounds (Schwaid
& Spencer, 2021). However, N-cyano sulfoximineurea analogs have also been reported
as equipotent derivatives of CRID3 (Agarwal, Sasane, et al., 2020), which might suggest
that interaction of Arg351 with one oxygen atom is sufficient or even induces a distinct
but equipotent binding pose. One rational idea might be that the N-cyano sulfoximine is

able to reach the position of the water molecule that establishes hydrogen bond
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interactions with residues GIn624 and Glu629 of NLRP3 and the tertiary alcohol group
of CRID3 (Figure 4-7b, c). This would indeed explain why an N-cyano sulfoximineurea
analog has the same potency as CRID3, even though it contains a toluene rather than the
isopropyl furan moiety (Agarwal, Sasane, et al., 2020).

Along with modifications, compounds can be equipped with restricted distribution
profiles to prevent interference with NLRP3 function in compartments that are not
involved in disease (Schwaid & Spencer, 2021). On the other hand, with indications in
neurological diseases such as Parkinson’s disease, Alzheimer’s disease, multiple
sclerosis, Huntington’s disease and stroke (Chen et al., 2022; Corcoran et al., 2021;
Lunemann et al., 2021), the penetration of the blood brain barrier (BBB) has become a
major goal. Importantly, CRID3 shows only poor brain uptake and rapid washout in
positron emission tomography studies because it might be a ligand of efflux transporters
(Hill et al., 2020). This information along with the different requirements on
physicochemical properties such as molecular weight, lipophilicity, and number of
hydrogen bond donors and acceptors should be considered when developing next
generation NLRP3 inhibitors for the treatment of neurological diseases (Banks, 2009;
Pajouhesh & Lenz, 2005).

Based on the high-resolution structural data presented in this thesis and the structures
of already published NLRP3-inhibitor complexes (Dekker et al., 2021; Hochheiser, Pilsl,
et al., 2022; Ohto et al., 2022), it can be anticipated that new structure-guided drug design
will fasten the development of next-generation highly specific NLRP3 inhibitors with
designated properties and mode of action. As an example, identification of the water
molecule that bridges the interaction between the tertiary alcohol group of CRID3 and
residues GIn624 and Glu629 of NLRP3 (Figure 4-7b, c) enables rational drug design to
replace the water molecule with hydrogen bond donors or acceptors, thereby increasing

compound specificity.
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5 Summary and Conclusion

In the first part of this thesis, human NLRP9 was investigated. The primary aim was to
confirm the existence of an ASC-dependent NLRP9 inflammasome and to gain insights
into its mechanistic regulation and assembly. Interestingly, a sequence-based alignment
with NLRP3 revealed several differences. In brief, NLRP9 does not harbor a polybasic
cluster at the beginning of the FISNA domain nor an acidic loop in the LRR region. In
addition, no activation loop containing SP phosphorylation sites or a sensor I motif could
be identified. Furthermore, the Walker B motif significantly differs from the consensus
sequence conserved in other NLR family members. For that reason, it is hypothesized
that the NLRP9 NACHT domain possesses only low ATPase activity and might be
regulated in a different way compared to NLRP3. While inactive full-length NLRP3 was
recently found to form a decamer, full-length NLRP9 was purified as a stable monomer
that can dimerize upon incubation in the presence of ATP. Particles visualized by negative
stain EM showed similarities with a model predicted by AlphaFold2 and a crystal
structure of bovine full-length NLRPI. It is hypothesized that monomeric NLRP9 adopts
a similar ADP-bound conformation that would likely represent the inactive state, which
should be assessed in future structural studies.

In line with different regulation and function of NLRP9, overexpression of full-length
protein was unable to trigger spontaneous ASC speck formation in cells. Bypassing
interdomain regulatory mechanisms, the NLRP9 PYD was expressed as a single domain
construct and investigated as the respective protein effector domain facilitating signal
transduction. Strikingly, the PYD was purified as a monomer and did not polymerize into
filaments nor nucleate ASC speck formation in vitro or in cells. Based on a high-
resolution crystal structure of the NLRP9 PYD that was determined in this work, the
molecular characteristics were investigated. It was found, that no conformational
restraints prevent the formation of an NLRP9 PYD filament but the presence of several
mismatches in the hypothetical filament interfaces abrogate polymerization. In addition,
it was found that no electrostatic interface for the nucleation of ASC PYD exists on the
surface of NLRP9. Taken together, the first part of this thesis contradicts the existence of
a potential NLRP9 inflammasome. However, the regulation by PTMs or the synergistic
activation with e.g., NLRP6 are still possible scenarios in which the NLRP9

inflammasome might form. Thus, further investigation is needed to unravel its function.
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In the second part of this thesis, human NLRP12 was investigated. Similar with NLRP9,
the existence of an ASC-dependent NLRP12 inflammasome is under debate and the
primary aim was to gain insights into its potential assembly and mechanistic regulation.
In line with the high sequence identity between human NLRP3 and NLRP12, important
sequence motifs were found to be well conserved between both proteins. Using optimized
buffer conditions and sucrose density gradient centrifugation, a protocol to purify full-
length human NLRP12 cleaved from its affinity tag could be established. Negative stain
EM revealed single particles that looked promising but turned out to be too
inhomogeneous for structure determination. Interestingly, NLRP12 was co-purified with
endogenous proteins of the tubulin superfamily, indicating association with microtubules
in cells. Similarly, NLRP3 is known to be transported to the MTOC to form an
inflammasome with ASC. In line, overexpression of NLRP12 triggered robust ASC speck
formation in HEK293T cells, confirming its ability to form an inflammasome.

To gain mechanistic understanding, a NLRP12 PYD single domain construct was
investigated. Unexpectedly, NLRP12 PYD was purified as a monomer and did not
polymerize into filaments in vitro or in cells. In addition, a direct interaction with ASC
could not be confirmed using an in vitro pulldown assay. Based on a previously
determined high-resolution crystal structure of the NLRP12 PYD, the molecular
characteristics were investigated. It was found that the NLRPI12 PYD adopts a
conformation with hallmarks of both monomeric and filamentous PYDs but importantly,
no steric restraints nor significant mismatches in the hypothetical filament interfaces
preventing polymerization could be identified. Strikingly, it was even found that the
electrostatic surface of NLRP12 PYD filaments would likely provide an interface to
nucleate the polymerization of ASC PYD. To approach this discrepancy, a variant of the
NLRP12 PYD was tested. The variant contained a mutation (W45R) that was aimed to
compensate repulsive forces between two glutamate residues in the potential filament and
thus to increase the affinity between individual subunits. The mutant did tend to
oligomerize more easily but not to form defined filaments under the conditions tested. In
conclusion, this work provides distinct evidence for the existence of an ASC-dependent
NLRP12 inflammasome but the assembly must be tightly regulated. It is well possible
that the regulatory NACHT domain of NLRP12 acts as a scaffold for polymerization,
which should be investigated in future cellular assays. In this work, the NLRP12 NACHT

domain was investigated using biochemical and structural methods.
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The successful design of an NLRP12 NACHT expression construct and the establishment
of a sufficient purification strategy did result in monomeric protein of good yield and
crystallization-grade quality. However, the monomeric species was found to be in
dynamic equilibrium with an oligomeric conformer. Interestingly, oligomerization
appeared to be independent of a bound nucleotide or hydrolysis reaction. Indeed,
monomeric NLRP12 NACHT protein did not hydrolyze ATP, whereas the void volume
protein or full-length NLRP12 was active. In addition, full-length NLRP12 did also
possess adenylate kinase activity, the physiological relevance of which remains to be
elucidated. The ATPase activity of NLRP12 was confirmed by introducing specific
mutations that did affect hydrolysis function. Interestingly, presence of detergent during
lysis completely abrogated ATP hydrolysis activity of wildtype NLRP12, suggesting a
potential role of lipid membranes during activation similar to NLRP3. The monomeric
NLRP12 NACHT protein does likely represent an inactive conformation, which was
investigated using structural methods. To this end, optimized purification conditions were
screened to stabilize and consequently enrich the monomeric species, cleave the affinity
tag, and generate protein crystals. However, the crystals did not yet diffract at the
synchrotron, indicating insufficient order of the crystal lattice presumably due to slightly

different conformation of the individual protein molecules.

In the third part of this thesis, ways of potent and direct pharmacological interference with
the inflammasome pathway were studied on the prototypic example of the NLRP3-
specific small molecule inhibitor CRID3. Importantly, the concrete binding site and the
mode of action of CRID3 was previously unknown and thus the aim was to investigate
the NLRP3-CRID3 complex via biochemical and structural methods. For this purpose, a
sufficient purification strategy was developed and allowed the expression and purification
of monomeric human NLRP3 NACHT protein in good yield and crystallization-grade
quality. Using diverse biochemical assays, it could be shown that CRID3 directly binds
to the NLRP3 NACHT domain with high affinity (Kp = 20 nM), which results in
significant thermal stabilization of the protein and inhibition of the ATPase function.
Importantly, in the second part of this thesis, CRID3 binding to the closely related
NLRP12 NACHT domain was excluded, confirming its high specificity for NLRP3.
Successful determination of a high-resolution crystal structure of the NLRP3 NACHT
domain in complex with the inhibitor CRID3 and ADP-Mg?* provided detailed molecular
insights into NLRP3 function and inhibition by CRID3. Comparison with previously
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determined or predicted structures revealed that the NLRP3 NACHT domain adopts an
ADP-bound and ‘closed’ conformation, which is proposed to be the inactive state. In line,
the conformation of NLRP3 was found to be stabilized by three intramolecular
interdomain interfaces, each harboring a disease-relevant residue known to trigger CAPS
when mutated. It is assumed that such mutation destabilizes the inactive state and leads
to hyperactive NLRP3 that drives aberrant inflammation.

The CRID3 binding site was identified within a cleft located on the backside of the
Walker A motif and formed by four subdomains of the NACHT domain and the transition
LRR. The central sulfonylurea is sandwiched between two opposing arginines and the
Walker A motif of NLRP3, whereas the western hexahydro-s-indacene moiety is included
in a hydrophobic cluster. The eastern tertiary alcohol group interacts with the protein via
a water molecule by forming hydrogen bonds. The CRID3 binding site was confirmed by
mutational studies in two independent assays including NLRP3 NACHT domain and full-
length constructs. In contrast to wildtype NLRP3, the majority of the mutants were unable
to form an inflammasome upon treatment with nigericin, suggesting that the integrity of
the CRID3 binding pocket is also essential for NLRP3 activation.

Structural investigation of the ATPase active center revealed residues and motifs that
are mechanistically or regulatory important for nucleotide binding and hydrolysis. Worth
mentioning here is Arg351, which was identified as the sensor I motif in NLRP3 and
found to participate in the interaction with the sulfonylurea moiety of CRID3. As a result,
the residue adopts a conformation in which it is unlikely to be functional. CRID3 is
additionally supposed to rigidify the nucleotide binding site by interacting with the
Walker A region and Ile411, which is only one residue upstream of the conserved Pro412.
Collectively, these findings provide an explanation for how CRID3 abrogates NLRP3
hydrolysis activity. To further study the effect of CRID3, a model of the NLRP3 NACHT
domain in the active conformation was investigated and revealed a steric clash of CRID3
with the WHD. Thus, it is assumed that CRID3 locks NLRP3 in the inactive state and
thereby prevents its activation. However, the data also suggests that CRID3 can only bind
to the inactive conformer, making conformation an important issue to consider in future
drug development. Strikingly, the fold and conformation of the CRID3 binding pocket in
NLRP3 is consistent with other members of the NLR family, providing the opportunity
to develop compounds that specifically target these proteins for inhibition by the same
mode of action. Moreover, with the here determined structure from the NLRP3-CRID3

complex, structure-guided drug design comes within reach.
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In addition, binding of CRID3-based fluorescent and biotin probes as well as different
CRID3 analogs were tested on the NLRP3 NACHT protein. Using SPR, the different
probes were shown to engage the same binding site as CRID3 and to bind NLRP3 with
barely reduced affinity. In accordance with the structural data, this confirms that CRID3
can be extended at the eastern side without loss of interaction. Likewise, substitution of
sulfur for the ring oxygen of the furan moiety did not result in significant decrease in
affinity. Thus, thiophene chemistry becomes a new synthetic option for the development
of advanced NLRP3 inhibitors. Considering the known metabolic reactivity of furans,
which is often the cause of drug-induced liver damage, this finding is of great value.
Interestingly, the importance of this finding is already reflected in several CRID3-inspired
compounds that recently progressed into clinical trials. In contrast, removal of the tertiary
alcohol group from CRID3 resulted in significantly lower affinity, and substitution of the
hexahydro-s-indacene moiety with an octahydroanthracene moiety completely abolished
binding, confirming the structural data and revealing a basic structure-affinity

relationship of CRID3.
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6 Methods

6.1 Molecular genetics

6.1.1 Polymerase chain reaction
Polymerase chain reaction (PCR) was used to amplify the protein-coding sequence from
template DNA in the preparation of expression vectors. To this end, primer pairs with
overhangs containing recognition sites for two selected restriction enzymes were
designed, allowing targeted ligation of the generated amplicon into the multiple cloning
site (MCS) of an expression vector. A list of primers for subcloning is given in Table 7-1.
Amplification was conducted in a thermocycler using a two-step protocol with a
number of alternating cycles of denaturation, annealing, and elongation. In the first step,
the annealing temperature was set at two degrees below the lowest melting temperature
of the respective primer pair calculated without the overhangs. In the second step, the
overhangs were included in the calculation. Melting temperatures were calculated using
the NEB 7wm Calculator online tool (https://tmcalculator.neb.com). The standard PCR

reaction mix and protocol is shown in Table 6-1 and Table 6-2, respectively.

Table 6-1: Reaction mix for standard and mutagenesis PCR

Component Final concentration
DNA template 100-500 ng

Primer forward 0.3 uM

Primer reverse 0.3 uM

dNTPs 200 uM

Q5 reaction buffer (5x) Ix

Q5 high GC enhancer (5x) Ix

Q5 polymerase 0.02 U/ul

H-0 Fill up to 50 pl

Table 6-2: Protocol for standard PCR

Step Temperature (°C) Time (s) Number of cycles
Initial denaturation 98 180 1
Denaturation 98 30

Annealing Tm-2 20 5
Elongation 72 30/kb

Denaturation 98 30

Annealing T, +overhangs=2 20 37
Elongation 72 30/kb

Final elongation 72 60/kb 1
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6.1.2 Restriction enzyme digestion
Restriction enzymes are a class of bacterial or archaeal endonucleases that recognize
specific and mostly palindromic double-stranded DNA sequences for cleavage.
Depending on the enzyme, cleavage can produce 5’ or 3’ protruding ends (sticky ends)
or blunt ends. Restriction enzymes were primarily used to cleave PCR amplicons and to
linearize target vectors to generate ligation-compatible overhangs. Another application
was the digestion of template DNA in site-directed mutagenesis (see section 6.1.5) or the
testing of generated expression vectors for the presence of the ligated protein-coding
sequence (see section 6.1.9) prior to Sanger sequencing.

Digestions were setup as shown in Table 6-3 and performed at 37°C for 1-2 h. For the
testing of generated expression vectors, the concentration of restriction enzyme was
reduced to 0.2 U/ul. If the digested DNA was not purified via agarose gel electrophoresis,

the ExtractMe DNA Clean-Up Kit was used according to the manufacturer’s instructions.

Table 6-3: Reaction mix for restriction enzyme digestion

Component Final concentration
DNA sample variable

Cut Smart buffer (10x)  Ix

Restriction enzymes 1 U/ul

H-0 Fill up to 20 pl

6.1.3 Agarose gel electrophoresis
Agarose gel electrophoresis was used to separate DNA samples by size. For this purpose,
1% agarose was dissolved in TAE buffer and boiled until the agarose was completely
dissolved. For later detection of DNA bands in the gel, the UV-excitable DNA-binding
dye peqGREEN was added according to the manufacturer’s instructions. The mixture was
transferred into a chamber containing a comb and cooled down to form a gel. The comb
was removed to create sample wells. Subsequently, the gel was transferred into an
electrophoresis chamber filled with TAE buffer. The DNA samples were prepared by
adding 6x DNA gel loading dye and loaded onto the gel. A molecular weight size marker
was loaded for comparison. The gel was run for 40 min at a constant voltage of 100 V.
After electrophoresis, the DNA bands were documented using a bench-top UV light
table or the ChemiDoc™ XRS+ imaging system. DNA needed for downstream cloning
applications was extracted from the gel using a clean scalpel and purified using the

ExtractMe DNA Clean-up & Gel-Out Kit according to the manufacturer’s instructions.
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6.1.4 Ligation of DNA

After restriction enzyme digestion and purification by agarose gel electrophoresis, the
PCR amplicon containing the protein-coding sequence was ligated into a linearized
destination vector to obtain the desired expression vector. For this purpose, a T4 DNA
ligase from bacteriophage T4 was utilized for the formation of a phosphodiester bond
between compatible sticky ends. The reaction was carried out at 16°C or room
temperature (RT) overnight, whereafter the ligase was inactivated by incubation at 68°C
for 10 min. Finally, the ligated vector was transformed into competent bacteria for

amplification and positive selection. The reaction mixture for the ligation of DNA is given

in Table 6-4.

Table 6-4: Reaction mix for ligation of DNA

Component Amount

DNA - vector 1 pl (~50 ng)
DNA - insert 10-15 pl (variable)
T4 ligation buffer (10x) 2 pl (1x)

T4 DNA ligase 1 pl (20 U/ul)
H-0 Fill up to 20 pl

6.1.5 Site-directed mutagenesis

Mutagenesis PCR was conducted to generate expression vectors encoding for mutant
protein investigated in functional studies. For this purpose, a variant of the QuickChange
mutagenesis protocol described by Liu and Naismith (Liu & Naismith, 2008) was applied.
The protocol for the mutagenesis PCR and a list of primers used for site-directed
mutagenesis is shown in Table 6-5 and Table 7-2, respectively.

After amplification by PCR, the template DNA was digested utilizing the methylation-
sensitive restriction enzyme Dpnl. Dpnl cleaves the palindromic recognition sequence
5’-GATC-3’ only when the adenine nucleotide is methylated. Thus, the PCR amplified
DNA containing the mutation is protected while the methylated template plasmid purified
from bacteria is digested. Finally, enzymes were inactivated for 10 min at 68°C and the
amplicon was transformed into competent bacteria for amplification and positive

selection.

161



Methods

Table 6-5: Protocol for mutagenesis PCR

Step Temperature (°C) Time (s) Number of cycles
Initial denaturation 98 180 1
Denaturation 98 30-50

Annealing Tm-2 20-50 37
Elongation 72 30/kb

Final elongation 72 60/kb 1

6.1.6 Bacterial transformation

Plasmid DNA was transformed into heat-shock-competent Escherichia coli NEBB10 or
DH5a. cells for vector amplification or in electro-competent E. coli DH10 MultiBac™™°
cells for the generation of a bacmid shuttle vector. For bacterial expression of
recombinant protein, the expression vector was transformed into heat-shock-competent
E. coli BL21 (DE3) cells. Standard protocols based on glycerol or CaCl, were used to
prepare transformation-competent cells, which were thereafter stored at -80°C.

Before transformation, 60 pl of competent bacteria were thawed on ice and mixed with
50-150 ng plasmid DNA. After 10 min of incubation, the cells were transformed either
by heat-shock or by electroporation. For transformation by heat-shock, the bacteria-DNA
mixture was incubated at 42°C for 42 sec and then immediately cooled on ice. For
transformation by electroporation, the reaction mixture was transferred into an
electroporation cuvette and applied to an electroporator set to 1.7 kV.

After transformation, 800 ul LB medium was added and the bacteria were allowed to
recover at 37°C and 800 revolutions per minute (rpm) for 60 min to establish the
expression of antibiotics resistance genes encoded on the transformed plasmid. In case of
bacmid generation, the bacteria were incubated for another 120 min. Afterwards, bacteria
were pelleted at 4,000 x g for 5 min and the supernatant was decanted. A residual 50-100
ul were retained to resuspend the cells and finally streak them out on LB agar plates
containing antibiotics for positive selection of transformed cells. A list of antibiotics and

the concentrations used to prepare selection medium or agar plates is shown in Table 6-6.

Table 6-6: Usage of antibiotics

Antibiotic Final concentration

Ampicillin 100 pg/ml

Kanamycin 50 pg/ml

Gentamycin 7-10 pg/ml
Tetracycline 10 pg/ml
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6.1.7 Preparation of plasmid DNA from bacteria

Single colonies of bacteria were picked from LB agar plates and inoculated in LB medium
containing the respective antibiotics. Depending on the scale of the plasmid preparation,
the culture volume was adjusted and the bacteria were grown at 37°C in a shaking
incubator overnight. At the next day, the bacteria were spun down at 4,000 x g for 5-20
min and the supernatant was removed. Depending on the scale of the bacterial culture,
the following DNA purification was performed using the ExtractMe Plasmid Mini Kit,
the ExtractMe Plasmid Midi Kit, or the PureLink™ HiPure Plasmid Maxiprep Kit

according to the manufacturer’s instructions.

6.1.8 Determination of DNA concentration

The concentration and purity of DNA samples was determined using a NanoDrop
spectrophotometer. The concentration was measured at 260 nm absorbance (Azs0 of 1.0
=50 pg/ml pure dsDNA) and adjusted by bichromatic absorbance correction (measured
at 340 nm absorbance). The purity was estimated by evaluating the 260/280 nm and
260/230 nm ratios.

6.1.9 Testing of generated expression vectors

Prior to Sanger sequencing, a newly generated expression vector was tested for the
presence of the ligated insert containing the protein-coding sequence. For this purpose,
approximately 500 ng of plasmid DNA was digested with appropriate restriction enzymes
to excise the insert and linearize the vector. Subsequently, the digested DNA was

analyzed by agarose gel electrophoresis to confirm the presence of the respective insert.

6.1.10 Sequencing of DNA samples

To confirm the overall correctness of the expression vector and especially the correct
amplification and insertion of the protein-coding sequence after PCR and ligation, Sanger
sequencing was performed by external service providers (GATC Biotech AG, Ebersberg,
Germany or MicroSynth AG, Géttingen, Germany) using adequate sequencing primers
that are listed in Table 7-3. The sequencing results were provided by electronic services

and analyzed using ApE software.
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6.1.11 Preparation of expression vectors for recombinant protein production

The expression vectors for recombinant protein production were generated following the
subcloning strategies depicted in Table 6-7. In brief, the protein-coding sequence was
amplified using PCR or synthesized at Eurofins Scientific (Luxemburg) and digested
using the depicted restriction enzymes. Similarly, the destination vectors were digested
with the same set of restriction enzymes to generate compatible overhangs for directed
ligation. Prior to ligation, the cleaved amplicons and destination vectors were purified
using agarose gel electrophoresis. After ligation, the newly subcloned expression vectors
were transformed into competent bacteria and streaked out on LB agar plates containing
antibiotics for positive selection. Single colonies were grown to amplify the plasmid
DNA, which was subsequently tested for presence of the expression vector containing the
respective ligated insert. The sequence was finally confirmed by Sanger sequencing.

A variation of the protocol was performed for subcloning the MBP-NLRP12 (1-1061)
expression vector. Because the NLRP12 protein-coding sequence contained the
recognition sites for BamHI and EcoRI, three amplicons were generated by performing
different PCR reactions on the DNA template vector 2 (Table 7-4). Using specific primer
pairs, the BamHI and EcoRI restriction sites were deleted by introducing silent mutations
in the protein-coding sequence. The generated amplicons were then used as PCR

templates following the depicted subcloning strategy (Table 6-7).

Table 6-7: Subcloning strategies for the preparation of expression vectors

Expression vector Template Primer Restriction Destination
MBP-NLRP9 (1-991) Vector 1 NLRPS_1+, BamH]I, HindIIT ~ Vector 1
NLRP9 991- ’
NLRP9 1+,
GST-NLRP9-PYD (1-97) Vector 1 NLRP9 97- Ncol, EcoRI Vector 3
NLRP9-PYD (1-91)- . .
NLRP3 (91-99)-Linker- (SLy nthesi)zed )at Eurofins Scientific 1 Nott Vector 4
mCitrine-HEK UXEHIbUTS
NLRP9b-PYD (1-88)- . L
th t Eurofi tifi
NLRP3 (91-99)-Linker- (SLYEXG:LTE; urofins Seientific 1 Notl Vector 4
mCitrine-HEK g
. NLRPI12 I+,
MBP-NLRP12 (1-1061) Amplicons NLRPI2_1061- BamHI, EcoRI Vector 1
MBP-NLRP12 NLRPI12 3+,
GST-NLRP12-PYD (3-98) (1-1061) NLRPI2 98- Ncol, EcoRI Vector 3
MBP-NLRP12 NLRPI12 1+
NLRPI12-PYD (1-101)-HEK - Ascl, Notl tor 4
(1-101) (1-1061) NLRP12_101- seL. o Vector
mMBP-NLRP12-NACHT MBP-NLRP12 NLRP12 122+
- > Notl, Xhol tor 2
(122-679) (1-1061) NLRP12_679- ot A0 Vector
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MBP-NLRP12-NACHT MBP-NLRP12 NLRP12 122+, BamHI. EcoRI Vector 1
(122-679) (1-1061) NLRP12_679- ’
Avi-Flag-NLRP12-NACHT = MBP-NLRP12 NLRP12 122+, Asel. Notl Vector 5
(122-679)-HEK-SPR (1-1061) NLRP12_679- ’
MBP-NLRP3-NACHT NLRP3 131+,

(131-694) Vector 3 NLRP3_694- BamHI, EcoRI Vector 1

TetO6-NLRP3 (1-1036)-
coexpress-mCherry-HEK
pRP-CMV-NLRP3
(1-1036)-IRES-ATG-
mCitrine-HA-HEK
NLRP3-PYD (1-99)-
mCitrine-HEK
Avi-Flag-NLRP3-NACHT
(131-694)-HEK-SPR
BirA-HEK-SPR

Kind gift from Rainer Stahl (Institute of Innate Immunity, University
Clinics Bonn, Germany)

Kind gift from Rainer Stahl (Institute of Innate Immunity, University
Clinics Bonn, Germany)

Kind gift from Rainer Stahl (Institute of Innate Immunity, University
Clinics Bonn, Germany)

Subcloned at IFM Therapeutics (Boston, USA)

Kind gift from IFM Therapeutics (Boston, USA)

6.1.12 Preparation of the bacmid shuttle vector

The DH10 MultiBac™™° strain is transformed with the MultiBac™" bacmid, which
consists of a modified baculoviral genome. The bacmid harbors a Tn7 attachment site
located within a lacZa reporter gene, while all generated Sf9 expression vectors are based
on the pACEBacl transfer vector containing Tn7 transposition elements. Thus,
transformation of an expression vector eventually leads to insertion of Tn7 elements
(together with the protein-coding sequence) into the baculoviral genome and disruption
of the lacZo gene, which can be monitored by blue/white screening using the
chromogenic substrate X-Gal (5-bromo-4-chloro-3-indolyl B-D-galactopyranoside). For
this purpose, transformed bacteria were streaked out on LB agar plates containing
ampicillin, kanamycin, gentamycin, tetracycline (at the concentrations indicated in Table
6-6), X-Gal (100 pg/ml), and IPTG (isopropyl-B-D-thiogalactopyranoside, 40 pg/ml) and
grown at 37°C for 48 h or until distinct blue/white selection was possible.

Single white colonies were picked and inoculated in 4 ml LB medium containing
antibiotics. The bacteria were grown at 37°C in a shaking incubator overnight and
subsequently harvested by centrifugation at 4,000 x g for 5 min. The bacmid shuttle vector
was extracted from the cells using the ExtractMe Plasmid Mini Kit. In brief, the pellet
was resuspended and the bacteria were lysed by alkaline lysis. After neutralization, the
solution was cleared by centrifugation at 20,000 x g for 10 min. The supernatant (~700
ul) was transferred into a fresh tube and the bacmid DNA was precipitated by addition of
800 pl ice-cold isopropanol. Then, the precipitated DNA was collected by centrifugation
at 20,000 x g and 4°C for 30 min. The isopropanol was removed and the DNA pellet was
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carefully washed with 800 pl ice-cold 70% ethanol. Before the ethanol was removed, the
DNA was spun down at 20,000 x g and 4°C for 10 min. The washing step was repeated
and the tube was transferred to a sterile tissue culture hood before the ethanol was
removed and the DNA pellet was dried by leaving the tube opened. Finally, the bacmid

DNA was solubilized in 100 pl Sf9 insect cell medium for subsequent transfection.

6.2 Expression of recombinant protein

6.2.1 Cultivation of HEK293 cells and Sf9 insect cells

All work with eucaryotic cell cultures was performed in a sterile tissue culture hood.
Consumables that were used during this work were sterilized with 80% ethanol before
placing them in the tissue culture hood. Cells were cultured in single-use plasticware
(adherent culture) or appropriately sterilized glassware (suspension culture).

SfY insect cells were grown as suspension cultures in SF900™ SFM III medium at 27°C
and 80 rpm. The cell density was monitored every 3 days and adjusted to not exceed 5 x
106 cells/ml. For this purpose, 10 ul of the cell suspension was mixed 1:1 (v/v) with 0.4%
trypan blue solution to stain dead cells and subsequently counted using the EVE™
automatic cell counter. If necessary, the cells were split to achieve a lower density.

FreeStyle™ HEK293-F cells were grown as suspension cultures in FreeStyle™ 293
expression medium at 37°C, 5% CO- and 135 rpm. The cell density was monitored every
3 days and the cells were split to maintain a cell density below 1 x 10° cells/ml. To count
the cells, 10 pl of the cell suspension was mixed 1:1 (v/v) with 0.4% trypan blue solution
and analyzed using a Neubauer counting chamber.

HEK293T cells were grown as adherent cultures in DMEM (Dulbecco’s modified
eagle’s medium) containing high glucose and supplemented with 100 U/ml penicillin,
0.1% (w/v) streptomycin, 2 mM L-glutamine, and 10% FBS (fetal bovine serum) at 37°C
and 5% COx. The cell density was monitored every 3 days and the cells were passaged at
80-90% confluency. To this end, the growth medium was removed and the cells were
washed with 10 ml DPBS (Dulbecco's phosphate-buffered saline). Next, the cells were
incubated for 5 min at 37°C and in the presence of 10 ml Trypsin/EDTA
(ethylenediaminetetraacetic acid). Then, the cells were carefully rinsed with 5 ml growth
medium before they were collected by centrifugation at 400 x g for 5 min. The cells were
resuspended in 1 ml growth medium and eventually counted using a Neubauer counting

chamber. For passaging, 100 pl of the cells was transferred to a new culture.
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6.2.2 Preparation and propagation of recombinant baculovirus

Generated bacmid shuttle vectors were transfected into Sf9 insect cells for the production
of recombinant baculovirus particles that can be subsequently used to infect a larger Sf9
insect cell culture for heterologous expression of recombinant protein.

700,000 cells per well (3 ml) were seeded into 6-well culture plates and allowed to adhere
at 27°C for 30 min. In the meanwhile, 8 pl of Cellfectin™ or 5 pl TransIT™-Insect
transfection reagent was diluted in 100 pl Sf9 insect cell medium and then mixed with the
prepared bacmid DNA (see section 6.1.12). To form DNA-lipid complexes, the solution
was incubated at RT for 20 min. For transfection, the solution was transferred to a
respective well and incubated with the cells at 27°C. After 3-4 h, the medium was replaced
and the cells were further incubated for 72 h to produce viral particles (Vo).

For propagation, a 50 ml suspension culture of Sf9 insect cells (0.5 x 10° cells/ml) was
infected with 3% (v/v) of Vo supernatant and cultured for 72 h. Successful infection of
S7Y insect cells was monitored by a stop of cell division and an increase in cell size. After
incubation, the cells were pelleted by centrifugation at 500 x g for 20 min and the
supernatant (V1) was collected and filtered (0.45 pm pore size). To further propagate the
viral particles, the procedure was repeated with a 200 ml suspension culture of Sf9 insect
cells (1 x 10° cells/ml) infected with 3% (v/v) of V| to produce a V viral stock. All viral

stocks were stored at 4°C until use.

6.2.3 Recombinant protein expression in $f9 insect cells

For recombinant protein expression, a suspension culture of Sf9 insect cells (1.5 x 10°
cells/ml) was infected with 3% (v/v) of V2 and cultured for 72 h. The cells were collected
by centrifugation at 1,000 x g and 4°C for 20 min and washed with cold PBS. Finally, the

cell pellet was snap-frozen in liquid nitrogen and stored at -80°C until purification.

6.2.4 Recombinant protein expression in FreeStyle™ HEK293-F cells

For each transfection, a 150 ml suspension culture (0.25 x 10° cells/ml) was prepared and
grown for 48 h or until the cell density reached 1 x 10° cells/ml. 150 ug of plasmid DNA
and 600 pg PEI (polyethylenimine) transfection reagent was diluted in 7.5 ml OptiMEM
(improved serum-free minimal essential medium), respectively. Both solutions were
vortexed, incubated for 5 min, mixed, incubated for 20 min, and then transferred to the

cells. The cells were cultured for 24 h before they were harvested. For this purpose, the
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cells were collected by centrifugation at 1,300 x g and 4°C for 20 min. Finally, the pellet
was washed with cold PBS, snap-frozen in liquid nitrogen, and stored at -80°C until

purification.

6.2.5 Recombinant protein expression in HEK293T cells

HEK293T cells were seeded in T175 cell culture flasks and grown until confluency
reached 60-70%. Then, the culture medium was exchanged and the transfection was
started. For each flask, 30 pug of plasmid DNA and 160 pl of Transporter 5 transfection
reagent was diluted in 1 ml OptiMEM, respectively. The solutions were vortexed,
incubated for 5 min, mixed, incubated for 20 min, and then transferred to the cells. The
cells were cultured for 24 h before they were harvested. For this purpose, the medium
was removed and the cells were carefully washed before they were scraped into cold
DPBS. Finally, the cells were collected by centrifugation at 1,300 x g and 4 °C for 15

min, snap-frozen in liquid nitrogen, and stored at -80°C until purification.

6.2.6 Recombinant protein expression in Escherichia coli

The expression vector was transformed into E. coli BL21 (DE3) cells as described above
(see section 6.1.6) and streaked out on LB agar plates containing the appropriate
antibiotics. Bacteria were picked from single colonies and inoculated in 50-100 ml LB
medium containing antibiotics to grow a starter culture at 37°C in a shaking incubator
overnight. The starter culture was used to inoculate a 1 L expression culture to obtain an
optical density (OD)soo value of 0.1. The expression culture was grown at 37°C in a
shaking incubator until ODgoo reached a value greater than 0.8. Then, the cells were
cooled to 16°C and the expression was induced by addition of 0.5-0.55 mM IPTG. The
bacteria were further grown at 16°C in a shaking incubator overnight and harvested by
centrifugation at 4,000 x g and 4°C for 20 min. The cell pellet was washed with cold PBS,

snap-frozen in liquid nitrogen, and stored at -80°C until purification.

6.3 Protein purification

6.3.1 Cell lysis
The frozen cells were resuspended in 5 ml lysis buffer per gram of cell pellet and thawed
on ice using a magnetic stirrer. In case of Sf9 insect cells or bacteria, the lysis buffer was

supplemented with 1 mM PMSF (phenylmethylsulfonylfluoride) and 1 pg/ml DNase I to
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prevent the degradation by cellular proteases and to reduce the viscosity of the lysate,
respectively. In case of bacteria, the lysis buffer was further supplemented with a spatula
tip of lysozyme. In case of HEK293 cells, 50 ml lysis buffer was supplemented with one
tablet of cOmplete™ ULTRA, EDTA free protease inhibitor cocktail. Sf9 insect cells and
bacteria were lysed by sonication with continuous cooling on ice (Sf9: 6 s on-time, 5 s
off-time for 4-6 min at 40% intensity; bacteria: 50 s on-time, 50 s off-time at 70, 80, and
90% intensity). HEK293 cells were lysed by solubilization of cell membranes using
Triton X-100 contained in the lysis buffer. For this purpose, HEK293 cells were incubated
in lysis buffer for 30 min on ice. Crude cell lysates were cleared by centrifugation at 10°C

and appropriate g-force before the supernatant was filtered (0.45 pm pore size).

6.3.2 Affinity chromatography

Affinity chromatography was used as the first purification step. Specific binding
properties of the recombinant protein towards an immobilized ligand was utilized to
reversibly capture the protein of interest on a stationary phase, while endogenous proteins
and other cell components did flow through. For this purpose, the expression constructs
were designed to harbor an N-terminal affinity tag with well-known binding properties
towards their ligand molecules. In this study, recombinant proteins were fused to GST
(glutathione-S-transferase)-, MBP (maltose-binding protein)-, or Flag-affinity tags and
purified via GSTrap or MBPTrap columns connected to a fast protein liquid
chromatography (FPLC) system (Akta Prime Plus or Akta Start) or via specific affinity
resins packed into Econo-Pac™ columns for gravity-flow chromatography. At a final step
and after washing, the bound protein was eluted by application of a binding-competitive
molecule, such as glutathione, maltose, or soluble Flag peptide. All purification steps

were performed on ice or in a cooling cabinet set to 4°C.

6.3.3 Determination of protein concentration

The concentration and purity of protein samples was determined using a NanoDrop
spectrophotometer. The absorbance at 280 nm wavelength was measured and adjusted by
bichromatic absorbance correction (measured at 340 nm absorbance) to calculate the
protein concentration according to the Beer-Lambert law: A = €lc, where A is the
absorbance, ¢ is the extinction coefficient at 280 nm, 1 is the optical path length and c is

the concentration in mol/L. The purity was estimated by evaluating the 260/280 nm ratio.
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6.3.4 Affinity tag cleavage

Most expression constructs were designed to contain a sequence coding for a tobacco etch
virus (TEV) protease cleavage site (amino acid sequence: ENLYFQGS) directly upstream
of the protein of interest. Thus, the N-terminal affinity tag could be cleaved off the protein
after affinity chromatography to reconstitute a more native state. TEV cleavage was
performed at 4°C overnight by addition of TEV protease to the affinity-purified protein.

TEV protease was prepared in house using established protocols.

6.3.5 Dialysis

In certain cases, affinity tag cleavage was performed in combination with a buffer
exchange by dialysis. The protein solution (~5 ml) was transferred into a SnakeSkin™
dialysis tubing (3.5 kDa MWCO) and dialyzed against 200 ml dialysis buffer at 4°C

overnight. The dialysis buffer was constantly stirred at low speed using a magnetic stirrer.

6.3.6 Preparative size-exclusion chromatography

Preparative size-exclusion chromatography (SEC) was applied as the final purification or
polishing step to remove residual contaminants, such as the supplemented TEV protease.
In addition, monomeric and defined oligomeric species could be separated and
individually collected. This separation is achieved by a porous gel matrix that allows
proteins of small hydrodynamic radius to diffuse into the material and be retained, while
proteins of larger hydrodynamic radius pass through the matrix faster and therefore elute
first. A list of gel filtration columns used for preparative size-exclusion chromatography
is given in Table 7-7. If necessary, a tandem affinity chromatography column was
connected to the gel filtration column to increase retention and thus separation of the
cleaved affinity tag from the protein of interest. Gel filtration columns were operated in
combination with an appropriate FPLC system (Akta Prime Plus or Akta Pure) located in
a cooling cabinet set to 4°C. After equilibration of the column with at least one column
volume (CV) of the respective SEC buffer, the protein sample was injected from a sample
loop connected to the FPLC system and the flow-through was fractionated by an
automated fraction collector. After SDS-PAGE analysis, fractions containing the protein
of interest were pooled, concentrated, snap-frozen in liquid nitrogen and stored at -80°C.

Detailed purification protocols are supplied in section 6.3.9.
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6.3.7 Sucrose density gradient centrifugation
Sucrose density gradient centrifugation was applied as an alternative method to size-
exclusion chromatography. Using a custom-built tool, a 10-40% sucrose gradient was
prepared in an ultracentrifugation tube. The protein sample was carefully pipetted on top
of the gradient and separated by centrifugation for 14 h at 35,500 rpm and 4°C in a SW60

Ti swinging bucket rotor.

6.3.8 Concentration of protein samples
Protein samples were concentrated by centrifugation at 4°C in an Amicon™ Ultra
Centrifugal Filter Unit according to the manufacturer’s instructions. The filter unit
features a regenerated cellulose membrane with a defined pore size. Proteins with larger

size are retained while buffer passes the membrane and sample volume decreases.

6.3.9 Protein purification protocols

Human NLRP9 full-length (1-991)

Buffers
Lysis buffer SEC buffer
HEPESpH 7.2 | 50 mM HEPESpH 7.2 | 20 mM
NaCl 500 mM NaCl 500 mM
DTT 1 mM TCEP 1 mM
MgCl2 5mM MgCl2 5mM
Glycerol 10% Glycerol 10%

Elution buffer is prepared by supplementing lysis buffer with 10 mM maltose.

Protocol

NLRP9 (1-991) was expressed as MBP-fusion protein in Sf9 insect cells as described and the harvested
cells were stored at -80°C. For purification, the frozen cell pellet was resuspended in lysis buffer and
thawed on ice, whereafter PMSF and DNase I was added. Subsequently, the cells were lysed by
sonication and the crude lysate was cleared by centrifugation at 70,000 x g and 10°C for 50 min. After
filtration, the lysate was applied to an MBPTrap column equilibrated with lysis buffer for affinity
purification. The flow rate was set to 1 ml/min and the presence of protein was followed via the
absorbance at 280 nm wavelength. The column was washed with lysis buffer until Azso reached baseline
levels (~20 CV), before the protein was eluted in 1 ml fractions. The peak fractions were pooled and
supplemented with 1:25 (w/w) TEV protease for cleavage of the affinity tag. The sample was incubated
at 4°C overnight, centrifuged at 10,000 x g and 4°C for 10 min and then loaded onto a Superose 6 PG
XK 16/70 column equilibrated with SEC buffer. The flow-through was collected in 2 ml fractions and
analyzed by SDS-PAGE. The void and monomeric peak fractions containing NLRP9 (1-991) were
pooled and concentrated, respectively. The protein was snap-frozen in liquid nitrogen and stored
at -80°C.
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Human NLRP9 PYD (1-97)

Buffers
Lysis buffer Wash buffer SEC buffer
HEPESpH 7.5 | 50 mM HEPESpH 7.5 | 50 mM HEPESpH 7.5 | 50 mM
NaCl 150 mM NaCl 300 mM NaCl 150 mM
BME 10 mM BME 10 mM TCEP 1 mM

Elution buffer is prepared by supplementing lysis buffer with 10 mM reduced glutathione.

Protocol

NLRP9 PYD (1-97) was expressed as GST-fusion protein in E. coli cells as described and the harvested
cells were stored at -80°C. For purification, the frozen cell pellet was resuspended in lysis buffer and
thawed on ice, whereafter PMSF and DNase I was added. Subsequently, the cells were lysed by the
addition of lysozyme and further sonication. The crude lysate was cleared by centrifugation at 70,000 x g
and 10°C for 30 min. After filtration, the lysate was applied to a GSTrap column equilibrated with lysis
buffer for affinity purification. The flow rate was set to 1 ml/min and the presence of protein was
followed via the absorbance at 280 nm wavelength. The column was washed with wash buffer until Aaso
reached baseline levels (~20 CV). Then, the column was washed with 3 CV lysis buffer, before the
protein was eluted in 1 ml fractions. The peak fractions were pooled and supplemented with 1:100 (w/w)
TEV protease for cleavage of the affinity tag. The sample was incubated at 4°C overnight, centrifuged
at 10,000 x g and 4°C for 10 min and then loaded onto a HiLoad 16/600 Superdex 75 PG column
connected to a tandem GSTrap column for prolonged retention of the cleaved GST tag. Before loading,
both columns were equilibrated with SEC buffer. The flow-through was collected in 2 ml fractions and
analyzed by SDS-PAGE. The monomeric peak fractions containing NLRP9 PYD (1-97) were pooled
and concentrated to 31.7 mg/ml. The protein was snap-frozen in liquid nitrogen and stored at -80°C.
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Human NLRP12 full-length (1-1061)

The following protocol was applied to purify protein shown in Figure 3-3b-d. Protein
used in ATPase assays and nanoDSF (Figure 3-4) was purified using a variation of the
purification buffers (lysis buffer I and SEC buffer II) and the affinity tag was not cleaved.
Data shown in Figure 3-4b, ¢ was generated with protein purified in the absence of

CHAPS.

Buffers
Lysis buffer Lysis buffer I1 SEC buffer
Tris pH 8.5 50 mM Tris pH 8.0 20 mM Tris pH 8.5 50 mM
NaCl 10 mM NaCl 150 mM NaCl 10 mM
KCl1 150 mM BME 15 mM KCl1 150 mM
EDTA 2 mM CHAPS 0.25% TCEP 1 mM
BME 15 mM Sucrose 10%
CHAPS 0.25%
Sucrose 10%
SEC buffer 11 Elution buffer is prepared by supplementing lysis buffer with
HEPES pH 8.0 | 20 mM 10 mM maltose.
NaCl 150 mM
TCEP 1 mM
Sucrose 10%

Protocol

NLRP12 (1-1061) was expressed as MBP-fusion protein in Sf9 insect cells as described and the harvested
cells were stored at -80°C. For purification, the frozen cell pellet was resuspended in lysis buffer and
thawed on ice, whereafter DNase I was added. Subsequently, the cells were lysed by sonication (10-20 s
on-time, 20 s off-time for 4 min at 80% intensity) and the crude lysate was cleared by centrifugation at
10,000 x g and 4°C for 30 min. After filtration, the lysate was applied to an MBPTrap column
equilibrated with lysis buffer for affinity purification. The flow rate was set to 0.5 or 1 ml/min and the
presence of protein was followed via the absorbance at 280 nm wavelength. The column was washed
with lysis buffer until Azso reached baseline levels (~20 CV), before the protein was eluted in 1 ml
fractions. The peak fractions were pooled and supplemented with 1:100 (w/w) TEV protease for cleavage
of the affinity tag. The sample was incubated at 4°C overnight, centrifuged at 10,000 x g and 4°C for
10 min and then loaded onto a Superose 6 PG XK 16/70 column equilibrated with SEC buffer. The
flow-through was collected in 2 ml fractions and analyzed by SDS-PAGE. The void peak fractions
containing NLRP12 (1-1061) were pooled and concentrated. The protein was snap-frozen in liquid
nitrogen and stored at -80°C.
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The following protocol was applied to purify human NLRP12 full-length (1-1061) protein

using sucrose density gradient centrifugation (Figure 3-3e).

Buffers
Lysis buffer Wash buffer Sucrose buffer
Tris pH 8.5 50 mM Tris pH 8.5 50 mM Tris pH 8.5 20 mM
NaCl 10 mM NaCl 10 mM NaCl 10 mM
KCl1 150 mM KCl1 150 mM KCl1 150 mM
EDTA 2 mM TCEP 1 mM TCEP 1 mM
BME 15 mM Sucrose 10%, 40%
CHAPS 0.25%
Sucrose 10%

Elution buffer is prepared by supplementing wash buffer with 10 mM maltose.

Protocol

NLRP12 (1-1061) was expressed as MBP-fusion protein in Sf9 insect cells as described and the harvested
cells were stored at -80°C. For purification, the frozen cell pellet was resuspended in lysis buffer and
thawed on ice, whereafter PMSF and DNase I was added. Subsequently, the cells were lysed by
sonication (10 s on-time, 20 s off-time for 4 min at 80% intensity) and the crude lysate was cleared by
centrifugation at 10,000 x g and 4°C for 30 min. After filtration, the lysate was applied to amylose resin
(1.5 ml bead slurry per 500 ml culture) equilibrated with lysis buffer for affinity purification. The resin
was packed into an Econo-Pac™ column. The resin was washed with 30 CV lysis buffer and 15 CV
wash buffer, before the protein was eluted in 1 ml fractions. The protein concentration of the individual
fractions was measured to supplement 1:100 (w/w) TEV protease for cleavage of the affinity tag. The
samples were incubated at 4°C overnight and subsequently 2 nmol of the protein was loaded onto a
10-40% sucrose gradient. Sucrose density gradient centrifugation was applied as described above. After
centrifugation, the sucrose gradient was fractionated in 200 pl fractions, which were analyzed by
SDS-PAGE and negative stain electron microscopy. The residual protein was snap-frozen in liquid
nitrogen and stored at -80°C.
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The following protocol was applied to purify wildtype and mutant human NLRP12 full
length (1-1061) protein that was analyzed in ATPase assays (Figure 3-5b).

Buffers
Lysis buffer Elution buffer SEC buffer
HEPES pH 7.5 | 100 mM HEPESpH 7.5 | 50 mM HEPESpH 7.5 | 25mM
NaCl 50 mM NaCl 50 mM NaCl 50 mM
Glycerol 20% Maltose 10 mM Maltose 2 mM

Glycerol 20% Glycerol 20%

The SEC buffer was supplemented with 2 mM maltose for improved protein stability.

Protocol

Wildtype or mutant NLRP12 (1-1061) was expressed as MBP-fusion protein in Sf9 insect cells as
described and the harvested cells were stored at -80°C. For purification, the frozen cell pellet was
resuspended in lysis buffer and thawed on ice, whereafter PMSF and DNase I was added. Subsequently,
the cells were lysed by sonication as described and the crude lysate was cleared by centrifugation at
70,000 x g and 10°C for 30 min. After filtration, the lysate was applied to an MBPTrap column
equilibrated with lysis buffer for affinity purification. The flow rate was set to 1 ml/min and the presence
of protein was followed via the absorbance at 280 nm wavelength. The column was washed with lysis
buffer until A2so reached baseline levels (~20 CV), before the protein was eluted in 1 ml fractions. The
peak fractions were pooled, concentrated, and centrifuged at 10,000 x g and 4°C for 10 min. Then, the
protein was loaded onto a Superose 6 Increase 10/300 GL column equilibrated with SEC buffer. The
flow-through was collected in 0.5 ml fractions and analyzed by SDS-PAGE. The void peak fractions
containing NLRP12 (1-1061) were pooled and concentrated. The protein was snap-frozen in liquid
nitrogen and stored at -80°C.
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Human NLRP12 PYD (3-98. wildtype and W45R mutant)

Buffers
Lysis buffer Wash buffer SEC buffer
HEPESpH 7.5 | 50 mM HEPESpH 7.5 | 50 mM HEPESpH 7.5 | 50 mM
NaCl 150 mM NaCl 300 mM NaCl 150 mM
BME 10 mM BME 10 mM TCEP 1 mM

Elution buffer is prepared by supplementing lysis buffer with 10 mM reduced glutathione.

Protocol

NLRP12 PYD (3-98) was expressed as GST-fusion protein in £. coli cells as described and the harvested
cells were stored at -80°C. For purification, the frozen cell pellet was resuspended in lysis buffer and
thawed on ice, whereafter PMSF and DNase I was added. Subsequently, the cells were lysed by the
addition of lysozyme and further sonication. The crude lysate was cleared by centrifugation at 70,000 x g
and 10°C for 30 min. After filtration, the lysate was applied to a GSTrap column equilibrated with lysis
buffer for affinity purification. The flow rate was set to 1 ml/min and the presence of protein was
followed via the absorbance at 280 nm wavelength. The column was washed with wash buffer until Aaso
reached baseline levels (~20 CV). Then, the column was washed with 3 CV lysis buffer, before the
protein was eluted in 2 ml fractions. The peak fractions were pooled and supplemented with 1:100 (w/w)
TEV protease for cleavage of the affinity tag. The sample was incubated at 4°C overnight, centrifuged
at 10,000 x g and 4°C for 10 min and then loaded onto a HiLoad 16/600 Superdex 75 PG column
connected to a tandem GSTrap column for prolonged retention of the cleaved GST tag. Before loading,
both columns were equilibrated with SEC buffer. The flow-through was collected in 2 ml fractions and
analyzed by SDS-PAGE. The monomeric peak fractions containing NLRP12 PYD (3-97) were pooled
and concentrated. The protein was snap-frozen in liquid nitrogen and stored at -80°C.
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Human NLRP12APYD (122-1061)

Buffers
Lysis buffer SEC buffer
Tris pH 7.4 50 mM HEPESpH 7.4 | 20 mM
NaCl 200 mM NaCl 150 mM
TCEP 0.5 mM TCEP 0.5 mM
Glycerol 10%

Elution buffer is prepared by supplementing lysis buffer with 10 mM maltose.

Protocol

NLRP12 (122-1061) was expressed as MBP-fusion protein in Sf9 insect cells as described and the
harvested cells were stored at -80°C. For purification, the frozen cell pellet was resuspended in lysis
buffer and thawed on ice, whereafter PMSF and DNase I was added. Subsequently, the cells were lysed
by sonication as described and the crude lysate was cleared by centrifugation at 70,000 x g and 10°C for
50 min. After filtration, the lysate was applied to an MBPTrap column equilibrated with lysis buffer for
affinity purification. The flow rate was set to 1 ml/min and the presence of protein was followed via the
absorbance at 280 nm wavelength. The column was washed with lysis buffer until Azso reached baseline
levels (~20 CV), before the protein was eluted in 1 ml fractions. The peak fractions were pooled,
concentrated, and centrifuged at 10,000 x g and 4°C for 10 min. Then, the protein was loaded onto a
Superose 6 Increase 10/300 GL column equilibrated with SEC buffer. The flow-through was collected
in 0.5 ml fractions and analyzed by SDS-PAGE. The void peak fractions containing NLRP12 (122-1061)
were pooled and concentrated. The protein was snap-frozen in liquid nitrogen and stored at -80°C.
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Human NLRP12ALRR (1-679) and NLRP12 NACHT (122-679)

Buffers
Lysis buffer SEC buffer
Tris pH 8.0 20 mM HEPES pH 8.0 | 20 mM
NaCl 150 mM NaCl 150 mM
BME 5mM TCEP 1 mM

Elution buffer is prepared by supplementing lysis buffer with 10 mM maltose. In case the CRID3 effect
was investigated (Figure 3-16a), the buffers were each supplemented with 1 uM CRID3.

Protocol

NLRP12 (1-679 or 122-679) was expressed as MBP-fusion protein in Sf9 insect cells as described and
the harvested cells were stored at -80°C. In case the CRID3 effect was investigated (Figure 3-16a),
protein expression was performed in the presence of 5 pM CRID3 added to the culture medium. For
purification, the frozen cell pellet was resuspended in lysis buffer and thawed on ice, whereafter PMSF
and DNase I was added. Subsequently, the cells were lysed by sonication as described and the crude
lysate was cleared by centrifugation at 70,000 x g and 10°C for 50 min. After filtration, the lysate was
applied to an MBPTrap column equilibrated with lysis buffer for affinity purification. The flow rate was
set to 1 ml/min and the presence of protein was followed via the absorbance at 280 nm wavelength. The
column was washed with lysis buffer until Ao reached baseline levels (~20 CV), before the protein was
eluted in 1 ml fractions. The peak fractions were pooled, concentrated, and centrifuged at 10,000 x g and
4°C for 10 min. Then, the protein was loaded onto a Superose 6 Increase 10/300 GL column equilibrated
with SEC buffer. The flow-through was collected in 0.5 ml fractions and analyzed by SDS-PAGE. The
void, oligomeric, and monomeric peak fractions containing NLRP12 (1-679 or 122-679) were pooled
and concentrated, respectively. The protein was snap-frozen in liquid nitrogen and stored at -80°C.
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The following protocol was applied to purify NLRP12 NACHT (122-679) protein after

optimization of the buffer conditions using nanoDSF (Figure 3-17).

Buffers
Lysis buffer Elution buffer SEC buffer
HEPESpH 7.5 | 100 mM HEPESpH 7.5 | 50 mM HEPESpH 7.5 | 25mM
NaCl 50 mM NaCl 50 mM NaCl 50 mM
Glycerol 20% Maltose 10 mM Maltose 2 mM

Glycerol 20% Glycerol 20%

The SEC buffer was supplemented with 2 mM maltose for improved protein stability.

Protocol

NLRP12 (122-679) was expressed as MBP-fusion protein in Sf9 insect cells as described and the
harvested cells were stored at -80°C. For purification, the frozen cell pellet was resuspended in lysis
buffer and thawed on ice, whereafter PMSF and DNase I was added. Subsequently, the cells were lysed
by sonication as described and the crude lysate was cleared by centrifugation at 70,000 x g and 10°C for
50 min. After filtration, the lysate was applied to an MBPTrap column equilibrated with lysis buffer for
affinity purification. The flow rate was set to 1 ml/min and the presence of protein was followed via the
absorbance at 280 nm wavelength. The column was washed with lysis buffer until Azso reached baseline
levels (~20 CV), before the protein was eluted in 1 ml fractions. The peak fractions were pooled,
concentrated, and centrifuged at 10,000 x g and 4°C for 10 min. Then, the protein was loaded onto a
Superdex 200 Increase 10/300 GL column equilibrated with SEC buffer. The flow-through was collected
in 0.5 ml fractions and analyzed by SDS-PAGE. The monomeric peak fractions containing NLRP12
(122-679) were pooled and concentrated. The protein was snap-frozen in liquid nitrogen and stored
at -80°C.
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The following protocol was applied to purify NLRP12 NACHT (122-679) with cleaved

MBP affinity tag (Figure 3-18).

Buffers

Lysis buffer Dialysis buffer SEC buffer

Tris pH 7.8 20 mM HEPES pH 7.8 | 20 mM HEPES pH 7.8 | 20 mM

NaCl 150 mM NaCl 150 mM NaCl 150 mM

MgCla 10 mM MgCl2 10 mM MgCl2 10 mM

ADP 1 mM ADP 1 mM ADP 1 mM

BME 5mM TCEP 1 mM TCEP 1 mM
L-arginine 500 mM L-arginine 150 mM

Elution buffer is prepared by supplementing lysis buffer with 10 mM maltose.

Protocol

NLRP12 (122-679) was expressed as MBP-fusion protein in Sf9 insect cells as described and the
harvested cells were stored at -80°C. For purification, the frozen cell pellet was resuspended in lysis
buffer and thawed on ice, whereafter PMSF and DNase I was added. Subsequently, the cells were lysed
by sonication as described and the crude lysate was cleared by centrifugation at 70,000 x g and 10°C for
40 min. After filtration, the lysate was applied to an MBPTrap column equilibrated with lysis buffer for
affinity purification. The flow rate was set to 1 ml/min and the presence of protein was followed via the
absorbance at 280 nm wavelength. The column was washed with lysis buffer until Azso reached baseline
levels (~20 CV), before the protein was eluted in 1 ml fractions. The peak fractions were pooled and
supplemented with 1:50 (w/w) TEV protease for cleavage of the affinity tag. The sample (~5 ml) was
incubated at 4°C overnight while dialyzed against 200 ml dialysis buffer. After dialysis, the sample was
collected, centrifuged at 10,000 x g and 4°C for 10 min, and then loaded onto a HiL.oad 16/600 Superdex
75 PG column connected to a tandem MBPTrap column for prolonged retention of the cleaved MBP tag.
Before loading, both columns were equilibrated with SEC buffer. The flow-through was collected in
2 ml fractions and analyzed by SDS-PAGE. The monomeric peak fractions containing NLRP12 (122-
679) were pooled and concentrated. The protein was snap-frozen in liquid nitrogen and stored at -80°C.
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The following protocol was applied to purify NLRP12 NACHT (122-679) protein for
SPR spectroscopy (Figure 3-16c).

Buffers
Lysis buffer Elution buffer
HEPESpH 7.5 | 20 mM HEPESpH 7.5 | 20 mM
NaCl 150 mM NaCl 150 mM
MgCl2 2 mM MgCl2 2 mM
ADP 0.5 mM ADP 0.5 mM
TCEP 1 mM TCEP 1 mM
Triton X-100 1% Glycerol 10%
Glycerol 10% 3x Flag peptide | 100 pg/ml
Protocol

NLRP12 (122-679) used for SPR spectroscopy was expressed as Avi-Flag-Hisio-fusion protein in
HEK293T cells as described in section 6.2.5. The N-terminal Avi tag was biotinylated in cells by
co-transfection of the BirA expression vector (Table 6-7) at a ratio of 1:6 (i.e., 5 of 30 pg plasmid DNA).
In addition, cells were supplemented with 10 uM CRID3 four hours after transfection to potentially
stabilize an inactive conformation of the recombinant protein produced. For purification, the frozen cell
pellet was resuspended in lysis buffer supplemented with cOmplete™ ULTRA, EDTA free protease
inhibitor cocktail and thawed on ice. Subsequently, the cells were lysed by incubation on ice for 30 min
and the crude lysate was cleared by centrifugation at 12,000 x g and 4°C for 10 min. The lysate was
applied to anti-Flag M2 affinity gel (1.5 ml bead slurry per 5 x T175 culture flask) equilibrated with
3 CV glycine pH 3.5 and 10 CV lysis buffer for affinity purification. The protein-resin solution was
transferred into a 50 ml falcon tube and the protein was allowed to bind to the resin at 4°C and under
constant rotation for at least 1 h. The protein-bound resin was packed into an Econo-Pac™ column and
the unbound fraction was allowed to flow-through by gravity flow. The resin was washed with 20 CV
lysis buffer, before the protein was eluted with 2 CV elution buffer. The protein was analyzed by
SDS-PAGE, snap-frozen in liquid nitrogen, and stored at -80°C.
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Human NLRP3 NACHT (131-694)

Buffers

Lysis buffer Dialysis buffer SEC buffer

Tris pH 7.8 20 mM HEPES pH 7.8 | 20 mM HEPES pH 7.8 | 20 mM

NaCl 150 mM NaCl 150 mM NaCl 150 mM

MgCla 10 mM MgCl2 10 mM MgCl2 10 mM

ADP 1 mM ADP 1 mM ADP 1 mM

BME 5mM TCEP 1 mM TCEP 1 mM

CRID3 10 uM L-arginine 500 mM L-arginine 150 mM
CRID3 10 uM CRID3 10 uM

Elution buffer is prepared by supplementing lysis buffer with 10 mM maltose. For some biochemical
analyses, the protein was purified in the absence of ADP and CRID3.

Protocol

NLRP3 (131-694) was expressed as MBP-fusion protein in Sf9 insect cells as described and the harvested
cells were stored at -80°C. For purification, the frozen cell pellet was resuspended in lysis buffer and
thawed on ice, whereafter PMSF and DNase I was added. Subsequently, the cells were lysed by
sonication as described and the crude lysate was cleared by centrifugation at 70,000 x g and 10°C for at
least 30 min. After filtration, the lysate was applied to an MBPTrap column equilibrated with lysis buffer
for affinity purification. The flow rate was set to 1 ml/min and the presence of protein was followed via
the absorbance at 280 nm wavelength. The column was washed with lysis buffer until A2so reached
baseline levels (~20 CV), before the protein was eluted in 1 ml fractions. The peak fractions were pooled
and supplemented with 1:50 (w/w) TEV protease for cleavage of the affinity tag. The sample (~5 ml)
was incubated at 4°C overnight while dialyzed against 200 ml dialysis buffer. After dialysis, the sample
was collected, centrifuged at 10,000 x g and 4°C for 10 min, and then loaded onto a HiLoad 16/600
Superdex 75 PG column connected to a tandem MBPTrap column for prolonged retention of the cleaved
MBP tag. Before loading, both columns were equilibrated with SEC buffer. The flow-through was
collected in 2 ml fractions and analyzed by SDS-PAGE. The monomeric peak fractions containing
NLRP3 (131-694) were pooled and concentrated to 9 mg/ml. The protein was snap-frozen in liquid
nitrogen and stored at -80°C. For some biochemical analyses, the protein was purified in the absence of
ADP and CRID3. Due to lower solubility of the protein, the concentration was adjusted to 1 mg/ml.
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The following protocol was applied to purify NLRP3 NACHT (131-694, wildtype and

mutants) protein for SPR spectroscopy.

Buffers
Lysis buffer Elution buffer
HEPESpH 7.5 | 20 mM HEPESpH 7.5 | 20 mM
NaCl 150 mM NaCl 150 mM
MgCl2 2 mM MgCl2 2 mM
ADP 0.5 mM ADP 0.5 mM
TCEP 1 mM TCEP 1 mM
Triton X-100 1% Glycerol 10%
Glycerol 10% 3x Flag peptide | 100 pg/ml
Protocol

NLRP3 (131-694) used for SPR spectroscopy was expressed as Avi-Flag-Hisio-fusion protein in
FreeStyle™ HEK293-F cells as described in section 6.2.4. The N-terminal Avi tag was biotinylated in
cells by co-transfection of the BirA expression vector (Table 6-7) at a ratio of 1:6 (i.e., 25 of 150 ug
plasmid DNA). In addition, cells were supplemented with 10 uM CRID3 four hours after transfection to
potentially stabilize an inactive conformation of the recombinant protein produced. For purification, the
frozen cell pellet was resuspended in lysis buffer supplemented with cOmplete™ ULTRA, EDTA free
protease inhibitor cocktail and thawed on ice. Subsequently, the cells were lysed by incubation on ice
for 30 min and the crude lysate was cleared by centrifugation at 12,000 x g and 4°C for 10 min. The
lysate was applied to anti-Flag M2 affinity gel (1.5 ml bead slurry per 150 ml culture) equilibrated with
3 CV glycine pH 3.5 and 10 CV lysis buffer for affinity purification. The protein-resin solution was
transferred into a 50 ml falcon tube and the protein was allowed to bind to the resin at 4°C and under
constant rotation for at least 1 h. The protein-bound resin was packed into an Econo-Pac™ column and
the unbound fraction was allowed to flow-through by gravity flow. The resin was washed with 20 CV
lysis buffer, before the protein was eluted with 2 CV elution buffer. The protein was analyzed by
SDS-PAGE, snap-frozen in liquid nitrogen, and stored at -80°C.
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6.4 Analytical methods

6.4.1 SDS-PAGE analysis

Sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis (PAGE) was
performed to separate proteins by their size and therefore to assess their presence, purity,
and integrity. Proteins in a sample were denatured by addition of SDS sample buffer and
incubation at 96°C for 5-10 min. The SDS sample buffer contains a reducing agent to
dissolve cysteine bridges and the negatively charged detergent SDS, which uniformly
binds to the protein, resulting in denaturation and masking of the intrinsic charge.
Discontinuous polyacrylamide gels were prepared in house using the recipe shown in

Table 6-8 and the Mini-Protean Tetra Cell casting system.

Table 6-8: Recipe for the preparation of polyacrylamide gels

4 stacking gels 4% 4 separation gels 12% 15% 18%
30% acrylamide 0.9 ml 30% acrylamide 8.4 ml 10.5 ml 13.5 ml
stacking gel buffer 0.7 ml separation gel buffer 5.85ml 5.85ml 5.85ml
10% APS 53 ul 10% APS 235.5 ul 235.5 ul 2355l
TEMED 53 ul TEMED 7.05 pl 7.05 pl 7.05 pl
H:0 3.6 ml H.0 6.75 ml 4.65 ml 1.65 ml

Ammonium persulfate (APS) initiates the polymerization of acrylamide and the
crosslinker bis-acrylamide into gels, which is catalyzed in the presence of tetramethyl
ethylenediamine (TEMED). The pore size is adjusted by the percentage of the polymer.
A stacking gel was prepared on top of the separation gel to concentrate the proteins into
a sharp band before they are resolved during electrophoresis. During polymerization, a
comb was used to create sample wells. The gels were mounted in the Mini-Protean Tetra
Cell electrophoresis system filled with SDS running buffer and then loaded with the
protein samples. Application of an electric current (35 mA per gel at RT for 45 min)
generates an electric field leading to the migration of the SDS-coated proteins through
the gel. In this method, the migration distance is only dependent on the molecular weight,
which can thus be estimated using a molecular weight standard. To stain and visualize
protein bands, the gels were incubated for 10-30 min with Coomassie staining solution
followed by Coomassie destain solution boiled in a microwave. For downstream analysis
by mass spectrometry, the staining and destaining solutions were not heated and
incubation at RT was extended overnight. Finally, protein gels were documented using

the ChemiDoc™ XRS+ imaging system.
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6.4.2 Mass spectrometry

Protein identification and determination of post-translational modifications (PTMs) was
performed by peptide mass fingerprint analysis. For this purpose, protein samples were
separated in SDS-PAGE and stained as described. Subsequently, protein bands were cut
from the gel using a clean scalpel and analyzed by the group of Prof. Dr. Henning Urlaub
at the Max Planck Institute for Multidisciplinary Sciences (Gottingen, Germany). In brief,
the protein was purified from the gel, proteolytically digested into peptides, and subjected
to a mass spectrometer. The obtained peptide masses were compared to a database to
identify the corresponding proteins and their PTMs. The final evaluation of the results

was done using Scaffold software.

6.4.3 Pulldown assay

In this study, a pulldown assay was performed to investigate the physical interaction
between two proteins, ASC and NLRP12PYP. Hexahistidine-tagged ASC-mCherry was
purified and provided by Dr. Rebecca Brinkschulte (University of Bonn, Germany). To
this end, 20 pl bead slurry (Ni-NTA agarose) was equilibrated with pulldown buffer
(20 mM Tris pH 8.0, 150 mM NaCl, 5 mM BME) and subsequently bound with 50 ug
ASC-mCherry at 4°C overnight. The beads were washed five times by centrifugation at
400 x g and 4°C for 5 min before they were used in the experiment. For one pulldown
approach, 5 ul of ASC-bound beads were mixed with 20 ul unbound beads and 146 pl
NLRP12PYP (0.1 mg/ml) to yield a molar ratio of 2:1 (NLRP12PYP:ASC). The sample
was filled up to 300 pl using pulldown buffer and incubated at RT for 2 h. The beads
were washed five times and resuspended in 7 pl SDS sample buffer. Finally, the samples

were analyzed by SDS-PAGE analysis.

6.4.4 ATP hydrolysis assay

To analyze the amount of nucleotide converted by a protein of interest, a multi-cycle
turnover ATP hydrolysis assay based on ion-pairing reversed phase high performance
liquid chromatography (HPLC) was established in the laboratory. HPLC is a technically
optimized liquid chromatographic method for the separation and quantitative analysis of
substance mixtures. In this process, the eluent (mobile phase) is continuously pumped
through the chromatography column, which is filled with the solid stationary phase, at a

pressure of 50-400 bar. The separation is based on the polarity differences between the

185



Methods

mobile and stationary phases. In reversed phase HPLC, a nonpolar stationary phase and
a polar mobile phase is used. Depending on the number of negative charges, the
hydrophobicity of AMP (2°), ADP (37), and ATP (4°) can be gradually increased using the
ion-pairing reagent tetrabutylammonium bromide (TBA-Br), leading to a retention
difference at the stationary phase that is related to the number of phosphate groups. In
this way, distinct nucleotide species can be separated on a C18 silica column, eluted using
low concentrations of acetonitrile, and detected by absorbance at 259 nm wavelength.
Nucleotides were dissolved in the purification buffer of the proteins analyzed. Using a
NanoDrop spectrophotometer, the concentration of the nucleotides was measured at
259 nm absorbance and adjusted to 1 mM. In addition, a 50 mM MgCl. stock solution
was prepared using the protein purification buffer. The reaction mix was prepared as
stated in the respective figure legends. In case the CRID3 effect was investigated, the
protein was preincubated in the presence of DMSO or CRID3 for 30 min on ice, before
magnesium and nucleotides were added. The reaction mix was incubated at 25°C for 60
min and a 10 pl sample was injected every 10 minutes onto a 1260 Infinity II LC system
equipped with an autosampler and connected to a Chromolith Performance RP-18e
100-4.6 column equilibrated with the eluent (30 mM KoHPO4, 70 mM KH>PO4, 10 mM
TBA-Br, 4% acetonitrile; pH 6.5). The detected nucleotide peaks were integrated using
OpenLab Analysis software and the ratios were calculated to determine the molar

concentrations of educt and product.

6.4.5 Analysis of protein-bound nucleotides

To analyze nucleotide species that are bound to a purified protein, a precipitation assay
based on perchloric acid was used. A sample with 50 uM protein or nucleotides (control)
was prepared and ice-cold perchloric acid (4 M stock) was added to a final concentration
of 1 M. The sample was mixed, incubated for 5 min on ice, and cleared from the
precipitated protein by centrifugation at 16,000 x g and 4°C for 2 min. The supernatant
was transferred to a new tube and neutralized using 34% (v/v) 2 M ice-cold potassium
hydroxide (incubated with lid opened). The pH was checked using a pH indicator paper
and further adjusted to 6.5-8.0 using 0.1 M perchloric acid or potassium hydroxide. The
solution was cleared by centrifugation at 16,000 x g and 4°C for 15 min before a 10 pl
sample of the supernatant was analyzed for nucleotide content by ion-pairing reversed

phase HPLC.
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6.4.6 Thermal shift assay
For stability characterization, protein was analyzed using nano-format differential
scanning fluorimetry (nanoDSF). The method is based on thermal unfolding of a protein
by application of a linear temperature gradient and simultaneous measurement of its
intrinsic fluorescence at 350 and 330 nm wavelength. The fluorescence of tryptophan and
tyrosine residues changes when the amino acids become solvent exposed. Thus, an
unfolding event can be monitored. The stability of a protein is given by the melting
temperature 7w, which is defined as the temperature where half of the protein is unfolded.
Protein stability can be enhanced e.g., upon conformational change, optimized buffer
conditions, or binding of a specific ligand molecule, which was investigated in this work.
Protein samples were prepared with the appropriate protein purification buffer in a final
volume of 30 pl and incubated for 30 min on ice before loading into standard nanoDSF
capillaries. Capillaries were prepared in technical duplicates and thermal unfolding was
monitored in a Prometheus NT.48 device. The melting temperature was automatically
determined as the inflection point of the first derivative of the 350/330 nm ratio using

software provided by the manufacturer.

6.4.7 Analytical gel filtration
Analytical gel filtration was performed to investigate the degree of oligomerization of a
protein sample in solution and to estimate the molar mass of protein species based on
their retention on a column using an appropriate standard. For this purpose, proteins were
prepared as indicated and incubated, if necessary, before loading onto an analytical gel
filtration column (Table 7-7, 10/300 or 3.2/300 format) equilibrated with the respective
SEC buffer and connected to an Akta Micro FPLC system or a 1260 Infinity II LC system.
For sample preparation, the protein purification buffer was used. The protein standard
was prepared and measured according to the manufacturer’s instructions.

The peak retention volume of an analyte (V%), the total column volume (V%), and the
void volume of a column (V) can be used to calculate the partition coefficient (Kay) of a

molecular species using the following formula:
Ve —Vo
K. =
av I/C _ VO

Linear regression was used to fit a calibration curve to the partition coefficient (Kay)
versus the logarithm of the molecular weight of a standard. Finally, the calibration curve

was used to calculate the molecular weight estimate of an analyte.
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6.4.8 SEC-MALS
Size exclusion chromatography (SEC) combined with multi-angle light scattering
(MALS) was used to investigate the degree of oligomerization of a protein sample and to
directly measure the absolute molar mass of protein species independent of their retention
on a column. In a MALS experiment, light that is scattered from a polarized particle in
solution is measured simultaneously at various different angles. The amount of scattered
light at each angle is directly proportional to the product of the molar mass and
concentration of the investigated molecule. The concentration is determined via an online
refractive index (RI) or UV detector. Thus, a regression analysis can be used to obtain the
scattering at 0° scattering angle, which is related to the molecular weight. For large
particles that show anisotropic scattering, the radius of gyration can also be calculated.
Proteins were prepared in SEC buffer and centrifugated at 10,000 x g and 4°C for 10
min. The supernatant was loaded onto an equilibrated column for analytical gel filtration
(Table 7-7, 10/300 format) that was connected to a 1260 Bioinert Infinity LC system
equipped with a miniDawn 3141MD3 and an Optilab rEX 650 device for online MALS
(661 nm) and RI detection (658 nm), respectively. Elution of the protein was followed at

280 nm absorbance. The molar mass calculation was performed using Astra 8 software.

6.4.9 Dynamic light scattering

Dynamic light scattering (DLS) was used to determine the particle size of a protein
sample in solution. Due to Brownian motion of dispersed particles, light from an incident
laser beam is scattered at a specific angle with varying intensity, which is measured over
time. In general, smaller particles move with higher speed and thus show faster
fluctuations than larger particles. Using an intensity autocorrelation function and
cumulant fitting algorithms, the translational diffusion coefficient is determined and the
hydrodynamic radius of a particle is obtained from the Stokes-Einstein equation.

For DLS, the protein sample was prepared as depicted and spun at 18,000 x g and 4°C
for 10 min. The supernatant was incubated in a DLS cuvette at 25°C for 11.5 h and every
30 min the size distribution was automatically measured using a DynaPro NanoStar
(660.5 nm wavelength) setup with 3 s of acquisition time. Each data point corresponds to
the average of 20 DLS acquisitions. Data processing and analysis to determine the
hydrodynamic radius and molecular weight of the protein sample was performed

automatically by the analysis software supplied with the instrument.
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6.4.10 SPR spectroscopy
Surface plasmon resonance (SPR) spectroscopy was used to investigate the interaction
between proteins and small molecule inhibitors. An SPR experiment provides vital
information about the kinetics, specificity, and affinity of a respective binding event. In
SPR spectroscopy, a plane-polarized light is reflected at a metal-dielectric interface (often
gold) under conditions of total internal reflection. Incident light photons with a specific
momentum are absorbed by free outer shell and conduction-band electrons in the metal
surface, causing them to resonate and turn into electron density waves called plasmons.
Since photons are absorbed, the reflected light intensity is minimal at a certain angle,
called the resonance angle, which is measured by a detector and converted into resonance
units (RU). Due to an evanescent wave generated by the plasmons and the reflected
photons on the opposite side of the interface, the momentum of the plasmons is sensitively
affected by the composition of the external medium. Therefore, a change in refractive
index or mass results in a proportional change in resonance angle that can be tracked.
SPR experiments were performed on a Biacore™ 8K instrument equipped with a
streptavidin-functionalized sensor chip (Series S sensor chip SA). The chip contains 8
channels with two flow cells (Fc) each for referencing. The system was set to 25°C and
flushed with running buffer (10 mM HEPES pH 7.4, 200 mM NaCl, 0.5 mM ADP, 0.5
mM TCEP (tris[2-carboxyethyl|phosphine) or dithiothreitol (DTT), 2 mM MgCl, 1 g/L.
carboxymethyl dextran (CMD) 0.05% Tween20, 2% DMSO) before the sensor chip was
inserted into the instrument and normalized according to the manufacturer’s instructions.
Next, the chip was conditioned with three consecutive injections of 1 M NaCl in 50 mM
NaOH at a flow rate of 10 pl/min for 1 min and the protein (ligand) was immobilized on
Fc2 at 1-2 pl/min for 900-3600 s. The flow system was washed using 50% isopropanol
in 1 M NaCl and 50 mM NaOH. Free streptavidin binding sites on both flow cells were
saturated by four consecutive injections of biotin-PEG (1 puM, Mn = 2,300 Da) at
10 pl/min for 2 min. Since NLRPs do not tolerate regeneration, binding was measured in
single-cycle kinetics mode. For this purpose, increasing concentrations of the compounds
(analytes) under investigation were injected over both flow cells at 30 pul/min (association:
120-240 s, dissociation: 60/360-600 s). Data were collected at a rate of 10 Hz and double
referenced by reference flow cell and blank cycle subtraction. To correct for the different
volume exclusion at the active and reference flow cells, a 4-point solvent correction was
applied. Binding parameters were obtained from the processed data by fitting a 1:1

interaction model using Biacore Insight Evaluation software supplied with the device.

189



Methods

For better comparability of the NLRP3 variants studied and to account for different
degrees of immobilization, the measured response level was normalized to the theoretical
maximum response (Rmax), yielding the bound fraction. The Rmax value was calculated

using the following formula (MW: molecular weight):

_ MWanalyte

Ryax = ——>—— X immobilized ligand (RU) X stoichiometry
MVVligand

For the displacement assay, a variant of the described protocol was used. Compounds
were not measured in single-cycle kinetics mode but injected in a two-step cycle. First,
compounds were injected at a concentration 10-times the equilibrium dissociation
constant (Kp) of Gii3616 or Gii3618, respectively. In a second step, equimolar
concentration of a competitive compound was injected in the presence of the first

compound. Both injections were applied at a flow rate of 30 pul/min for 120 s.

6.4.11 Electron microscopy

Negative stain electron microscopy (EM) was primarily used to assess the degree of
aggregation, heterogeneity, and overall quality of a protein sample before further steps
were taken to determine a three-dimensional structure. In this method, the protein is
adsorbed on an electron-transparent sample support (EM grid) and the specimen is stained
with an amorphous film of heavy metal salts for increased electron scattering and thus
contrast. The sample is then imaged using a transmission electron microscope (TEM),
where electrons are diffracted by interacting with the sample to produce an image that is
eventually recorded by a detector.

For negative stain EM, a carbon-coated copper grid was glow-discharged for
hydrophilization and incubated for 1 min with 5 ul of a protein sample. The excess protein
was removed using a blotting paper and the grid was further washed by dipping in three
individual 20 pl drops of the respective protein purification buffer. The buffer was blotted
away using a blotting paper. The sample was then stained with 2% uranyl formate and
incubated for 30 s before carefully removing the staining solution with a blotting paper
and air drying the grid. Stained samples were imaged using a JEOL JEM-2200FS TEM
operating at 200 kV and equipped with a CMOS (complementary metal-oxide
semiconductor) camera (TemCam-F416). The images were recorded at a magnification

range of 20,000-50,000.
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6.4.12 X-ray crystallography
X-ray crystallography was applied to determine the molecular structure of proteins. For
this purpose, protein crystals were prepared by using the hanging- or sitting-drop vapor
diffusion methods. In these methods, a small volume of protein of crystallization-grade
quality is mixed with a crystallization solution often containing a buffer system, salts, or
a precipitant and incubated in a sealed chamber. A reservoir at the bottom of the chamber
is filled with the crystallization solution only, leading to steady evaporation of solvent
molecules from the protein drop and subsequent vapor diffusion across the concentration
gradient. If conditions are right, the protein eventually becomes supersaturated and the
spontaneous formation of crystals is nucleated. In the crystal, a regular array of individual
molecules is stabilized by a number of repetitive intermolecular interactions (crystal
contacts). Importantly, good diffraction quality can only be achieved if the crystal lattice
is sufficiently ordered. However, the formation of crystal contacts depends, among other
parameters, on the composition of amino acids, which determine the polarity, charge, and
shape of a protein surface. For this reason, the appropriate crystallization conditions are
not yet predictable and must be screened individually for each protein and conformation.
To determine the structure, a protein crystal is irradiated from different angles with an
X-ray beam of monochromatic wavelength. If the crystal is sufficiently ordered, the
X-rays are scattered by the electrons encountered, and constructive interference at the
periodic lattice planes leads to peaks of scattered intensity that can be observed in a
distinctive diffraction pattern. The condition for coherent scattering of X-rays from a
crystal lattice is described by the Bragg’s law nA = 2d sin(0), where n is the diffraction
order, A is the wavelength, d is the spacing of the Bragg planes, and 0 is the glancing
angle. Therefore, the diffraction pattern contains information about the unit cell, space
group, and the reciprocal vectors of the crystal lattice. Mathematically, the diffraction
pattern is the Fourier transform of the electron density distribution, which can be
reconstructed theoretically. However, detectors measure the spot intensities and thus the
structure factor amplitudes but not the phases of the diffracted X-rays, which are both
required for the reverse Fourier transform operation. This is known as the phase problem
in X-ray crystallography and solved by different approaches. In this work, molecular
replacement was used to obtain initial phases from a known protein structure homologous
or identical to that of the protein under study. Finally, a model of the protein was built
into the determined electron density map and refined in accordance with different quality

markers until the experimental diffraction data were explained in the best possible way.
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Crystallization of proteins and diffraction data collection

For an initial screening of sufficient crystallization conditions, a set of commercially
available (section 7.6) and in house protein crystallization screens were tested at different
temperatures (4°C, 10°C, 15°C, and 20°C). Crystallization plates were prepared as sitting-
drops in 96 MRC-well plates using a Crystal Gryphon LCP or Mosquito crystal robotic
device. In general, the protein drop was prepared with 1:1 ratio (v/v; 0.1-0.2 ul) of protein
and crystallization solution and the reservoir was filled with 50-70 pl. Immediately after
preparation, the plate was sealed with an adhesive film, incubated at the chosen
temperature, and regularly checked for the appearance of crystals.

In case crystals were monitored, the condition was tried to be optimized in different
ways. One possibility was the testing of an additive screen. For this purpose, the
crystallization plate was pipetted by hand and as sitting-drops in 96 MRC-well plates.
The protein drop was prepared with 1:1 ratio (v/v, 1 ul) of protein and crystallization
solution and supplemented with 0.1 pl of an additive solution. Another option was
crystallization in homemade optimization screens. Here, the concentration of individual
ingredients was varied together with the pH value. Optimization screens were designed
with a software available at the Institute of Structural Biology and based on the initial hit
conditions. Stock solutions were prepared freshly and filtered (0.2 pm pore size) before
they were used to prepare the optimized crystallization solutions with an epMotion 5073m
robotic device or by hand. Crystallization plates with optimization screens were prepared
as sitting-drops as described above or as hanging-drops in 24-well format. Hanging drops
were prepared with 1:1 ratio (v/v, 0.5-0.6 ul) of protein and crystallization solution and
pipetted onto glass coverslips. Each well was filled with 300-500 pl crystallization
solution and a cover slip with a hanging drop was sealed on top using silicon paste.

Promising crystals to be analyzed in diffraction experiments were transferred to a cryo-
loop, cryoprotected with 15% ethylene glycol (NLRP9PYP or NLRP12NACHT) or 339,
PEG400 (NLRP3NACHT) in the respective crystallization solution and flash-cooled in
liquid nitrogen. For all further steps, the crystals were kept under cryogenic conditions.
Data collection was performed at the synchrotron beamlines PX1 of the Swiss Light
Source (SLS) in Villigen, Switzerland or P13 of the Deutsches Elektronen-Synchrotron
(DESY) in Hamburg, Germany. In brief, the crystals were mounted on a goniometer in
the X-ray beam using a robotic device, aligned in the beam path, and datasets were
collected with 360° of crystal rotation (0.1° rotation per image). Diffraction data were

collected with an EIGER 16M or PILATUS 6M detector at SLS or DESY, respectively.
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Data processing, structure determination, and refinement

In case of NLRP9PYP the dataset was processed using the XDS program package, which
includes different automatically performed routines to identify diffraction spots in the
data images, determine parameters of the crystal lattice (unit cell and space group), scale
the spot intensities, calculate the structure factor amplitudes, and prepare the output data
for subsequent structure determination. The structure factor phases needed to reconstruct
the electron density map were obtained with PHASER (Read, 2001), as implemented in
the PHENIX software suite, using the molecular replacement method (Rossmann, 1990)
and the coordinates of the known structure of NLRP4"YP (PDB: 4EWI, (Eibl et al., 2012))
as a search model. The electron density map was calculated and used to build an initial
model of NLRP9PYP, which was examined and manually modified according to the
electron density map and common stereochemical restraints using COOT software. The
model was improved by alternating cycles of automatic refinement using PHENIX .refine
(Afonine et al., 2012) and manual model building in COOT. The agreement between the
crystallographic model and the fitted experimental X-ray diffraction data is represented
by the residual (R)-factor, where Fobs are the observed structure factor amplitudes, Faic
are the structure factor amplitudes calculated from the model, and k is a scale factor:

Z |Fobs (work) — kFcalcl
Rwork =

Z Fobs (work)

However, the R-factor is biased because after each refinement process, the new electron
density map is calculated using the diffraction pattern along with the atomic model, which
was previously refined to better fit the experimental data and improve the R-factor itself.
To evaluate the phase accuracy and thus the model quality with less bias and to avoid
overparameterization, only 90-95% of the experimental diffraction data is refined as the
working dataset. For cross-validation, the other part of the data is excluded from all
refinements and the agreement between the model and the original, so-called free dataset
is calculated separately. The resulting R value is related to the mean phase error:

R _ Z |Fobs (free #work) ~— kFcalcl
free —

Z Fobs (free #work)

During the final phase of the refinement process, the geometry of the model was
continuously analyzed using the Ramachandran plot (Ramachandran et al., 1963) and the

MolProbity online tool (Williams et al., 2018) and adjusted accordingly.
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In case of the NLRP3-CRID3 complex, an initial dataset at a resolution of 2.88 A was
obtained and processed as described above. Initial phases were determined by molecular
replacement using the coordinates of NLRP3 from the NLRP3-NEK?7 structure (PDB:
6NPY, (Sharif et al., 2019)) as a search model. Model building and refinement were
performed as described. During this process, an improved dataset with a final resolution
of 2.48 A could be obtained and the last crystallographic model of NLRP3 was used as a
search model in molecular replacement. Again, the model was built and refined as
described. During the final phase of the refinement process, CRID3 was added to the
model. For this purpose, the molecule was drawn in ChemDraw software and exported as
a SMILES string. The SMILES string was used for ligand building and optimization in
PHENIX.eLBOW (Moriarty et al., 2009) before the atomic coordinates and ligand

restraints were imported in COOT and refined along with the protein model.

6.4.13 PYD filament assay

To probe NLRP9 and NLRP12 PYDs for their capability to assemble into filaments and
to induce ASC speck formation in cells, a PYD filament assay was performed. For this
purpose, HEK293T cells or HEK293T cells stably expressing ASC-TagBFP under the
CMV promoter (HEK293TASC-BFP) were seeded into 96-well plates and grown for 48 h.
HEK293TASC-BEP cells were a kind gift from the laboratory of Prof. Dr. Eicke Latz
(University of Bonn). Per well, 200 ng of transfection grade plasmid DNA coding for
human NLRP3?YP-mCitrine, human NLRP9?YP-mCitrine, mouse NLRP9b"YP-mCitrine,
human NLRP12PYP-mCitrine, or the mCitrine vector control was transfected with
Lipofectamine 2000 according to the manufacturer’s instructions. The cells were cultured
for 24 h before the medium was removed to fixate the cells with 4% formaldehyde and
stain the nuclei with 10 uM Draq5 diluted in PBS. Subsequently, the cells were imaged
using an Observer.Z1 epifluorescence microscope equipped with a 20x objective (dry,
Plan Apochromat, NA 0.8), an Axiocam 506 mono, and ZEN Pro software. Due to lower
expression of the mCitrine control (via internal ribosomal entry site), transfected cells had
to be imaged with higher exposure time. If necessary, brightness and contrast were

adjusted for visualization.
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For quantitative analysis, PYD filament or ASC speck formation was analyzed in six
images per experiment and condition using Cellprofiler software. In brief, cells were
identified by their nuclei (Draq5 signal) and saved as objects. The objects were expanded
by 10 pixels to include the cell’s cytoplasm and subsequently measure the intensity of the
mCitrine signal in the respective regions of the image. Objects positive for mCitrine were
saved as new objects. In this way, 3338, 938, 2398, and 2794 HEK293T cells and 4549,
1628, 3593, and 5350 HEK392TASC-BFP cells positive for the expression of either human
NLRP3PYP-mCitrine, human NLRP9"YP-mCitrine, mouse NLRP9b?YP-mCitrine, or the
mCitrine vector control, respectively, were identified and further analyzed. Filamentous
structures were enhanced in the mCitrine channel and subsequently identified as objects.
Filamentous objects were filtered for a minimum major axis length value of 10 and a
minimum compactness value of 1.7. Similarly, ASC specks were enhanced in the BFP
channel and subsequently identified as objects. Finally, mCitrine-positive cells with
filaments or specks were determined as mCitrine positive objects that overlap with
filament or speck objects, respectively. The determined cell numbers were exported in

spreadsheet format and further analyzed using Excel software.

6.4.14 ASC speck formation assay

The ASC speck formation assay was used to test NLRP family proteins for their capability
to form an inflammasome with the adaptor protein ASC or to study inflammasome
formation in the presence of the NLRP3-specific inhibitor CRID3. To this end, the assay
was performed in two different setups. In the first setup, the protein under investigation
(full-length NLRP3, NLRP9, or NLRP12) was overexpressed in HEK293T cells and
spontaneous activation and concomitant inflammasome assembly was monitored by the
formation of ASC specks. In the second setup, the protein under investigation (full-length
NLRP3 wildtype and mutants) was expressed under a doxycycline-inducible promoter.
For this purpose, the transactivator TetON3G is encoded on the same plasmid as NLRP3
and constitutively expressed under a PGK promoter. Doxycycline binds to TetON3G,
which in turn associates with the Tet-responsive element (TetO6) to induce protein
expression (Kang et al., 2019). The latter setup allowed for low expression levels leading
to protein in an inactive conformation. Thus, specific activation with nigericin and
inhibition with the small molecule inhibitor CRID3 could be studied. In this setup,

inflammasome formation was also monitored by ASC speck formation.
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Overexpression system

HEK293TASC-BEP cells were seeded in 96-well plates and grown for 24 h. For transfection,
10, 50, 100, or 200 ng transfection grade plasmid DNA coding for human NLRP3,
NLRP9, or NLRP12 was prepared. The plasmids also encode for IRES-dependent co-
expression of mCitrine that was later used to identify transfected cells. Thus, an IRES-
mCitrine vector control was also prepared for transfection. To ensure that ASC speck
formation is only dependent on the investigated proteins and not the transfected DNA
itself, the prepared plasmid DNA sample was filled up to 200 ng with the mCitrine vector
control and finally transfected with Lipofectamine 2000 according to the manufacturer’s
instructions. The cells were cultured for 24 h, harvested by adding trypsin, washed with
DPBS, and finally resuspended in 100 pl flow cytometry buffer (DPBS with 2 mM EDTA
and 0.5% BSA). The samples were analyzed in an LSRFortessa II flow cytometer
operating at a medium flow rate. Transfected cells were gated according to the expression
of mCitrine and checked for the presence of ASC specks by analyzing the area and width
of the BFP signal.

Doxycycline-inducible system

HEK293TASC-BEP cells were seeded in 24 well plates and grown for 24 h. Per well, 100 ng

transfection grade plasmid DNA coding for NLRP3 (wildtype and mutants) was
transfected with Lipofectamine 2000 according to the manufacturer’s instructions. Cells
were cultured for 18 h and NLRP3 expression was induced with 10 ng/ml doxycycline.
To investigate NLRP3 inhibition with CRID3, doxycycline was applied in combination
with 20 pM of the compound. After 6 h of incubation, nigericin was added at a final
concentration of 10 uM to specifically activate NLRP3 in the according samples. The
cells were incubated for another hour, harvested by adding trypsin, washed with DPBS,
and finally resuspended in 100 pl flow cytometry buffer. The samples were analyzed in
an LSRFortessa II flow cytometer operating at a medium flow rate. Transfected cells were
gated according to the presence of mCherry, which was co-expressed from the NLRP3
encoding plasmid. According to a nontransfected control (mCherry-negative), the gate
for mCherry-positive cells was set to low expression levels and adjusted between
experiments to obtain similar numbers of mCherry-positive cells and low baseline levels
of ASC specks in the NLRP3 wildtype samples. Finally, the mCherry-positive population
was checked for the presence of ASC specks as previously described (Sester et al., 2015).
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6.5 In silico methods

6.5.1 Determination of protein parameters

Gene and DNA sequences coding for the proteins studied were taken from the Ensembl
database (Howe et al., 2021). The primary structure of a protein was taken from the
Uniprot database (UniProt, 2021). Protein parameters, such as the molecular weight, the
theoretical pl value, and the extinction coefficient at 280 nm wavelength were calculated

using the Expasy ProtParam online tool (Gasteiger et al., 2003).

6.5.2 Sequence alighments

Sequence alignments of amino acids were performed using Clustal Omega (Madeira et
al., 2019) and secondary structure assignments were prepared using Espript 3.0 (Robert
& Gouet, 2014). For structure-based sequence alignments, the structures of the
investigated proteins were aligned in PyMOL and the residues were examined regarding
their three-dimensional location. If necessary, sequence alignments previously performed

with Clustal Omega were adjusted.

6.5.3 Calculation of a B factor distribution

To calculate individual B factors for backbones and sidechains of single protein residues,
a script was used that was coded by myself. A PDB file is chosen from the computer and
the script extracts the information provided for each atom. For each residue, the B factors
of the backbone and sidechain atoms is averaged, respectively. Atoms with an occupancy
value of zero were excluded from the calculation. Finally, the average B factor of the

backbone and sidechain atoms for each residue is output in spreadsheet format.

6.5.4 Determination of residues that are nearest in their three-dimensional position

To determine the residue of an analyzed protein that is nearest to a specific residue of a
reference protein, a script was used that was coded by myself. First, PyMOL software is
used to align two protein structures under study and the PDB files are exported. The
generated PDB files are chosen from the computer and the script extracts the information
provided for each atom. For each residue of the reference molecule, the residue of the
analyzed molecule with a minimum distance is determined based on the three-
dimensional position of their Ca atoms. Finally, the residue pairs are output in spreadsheet

format.
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6.5.5 Graphs and statistical analysis
Molecular diagrams were drawn using the PyMOL molecular graphics suite. Preparation
of data graphs, linear regression, and statistical analysis were performed using Prism

software. Figures were prepared using Affinity Designer graphical software.

Unless otherwise stated, the technical and methodological principles described in this
methods section can be found in the following references: (https://www.sprpages.nl,

09.2022), (Rupp, 2009), (Miller, 2008), or in the user manuals and technical notes of the

respective equipment manufacturers.
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7 Materials

7.1 Chemicals

The chemicals used in the presented work were purchased from the following suppliers:
Carl Roth (Karlsruhe, Germany), Sigma-Aldrich (St Louis, USA), Applichem
(Darmstadt, Germany), Thermo Fisher Scientific (Waltham, USA), Merck Millipore

(Burlington, USA), VWR (Darmstadt, Germany), Jena Bioscience (Jena, Germany),

Serva (Heidelberg, Germany), MedChemtronica (Sollentuna, Sweden), and Linde plc

(Dublin, Ireland).

7.2 Consumables

Consumable

Supplier

Pipette tips (20 pl, 200 pl, 1000 pl)

VWR (Darmstadt, Germany)

Serological pipettes (5 ml, 10 ml, 25 ml, 50 ml)

Sarstedt (Niirnberg, Germany)

Petri dishes for agar plates

Labomedic (Bonn, Germany)

EVE™ cell counting slides

NanoEntek (Seoul, South Korea)

Econo-Pac™ chromatography column

Bio-Rad Laboratories, Inc (Hercules, USA)

Amicon™ ultracentrifugal filters

Merck Millipore (Burlington, USA)

Cell scraper 23 cm

Thermo Fisher Scientific (Waltham, USA)

6-well tissue culture plates

Sarstedt (Niirnberg, Germany)

24-well tissue culture plates

Sarstedt (Niirnberg, Germany)

96-well tissue culture plates, clear

Greiner (Kremsmiinster, Austria)

96-well tissue culture plates, black

Greiner (Kremsmiinster, Austria)

96-MRC well plates

Jena Bioscience (Jena, Germany)

96-well microplates, round bottom

Greiner (Kremsmiinster, Austria)

96-deep well blocks (1 ml)

Eppendorf (Hamburg, Germany)

96-deep well blocks (2 ml)

VWR (Darmstadt, Germany)

Adhesive foil

Molecular Dimensions (Newmarket, England)

Microplate foils

Cytiva (Marlborough, USA)

96-well septa

Cytiva (Marlborough, USA)

Coverslips

VWR (Darmstadt, Germany)

Korasilon™ silicon paste

Carl Roth (Karlsruhe, Germany)

Cell culture flasks (T25, T75, T175)

Sarstedt (Niirnberg, Germany)

Cuvette, PE (1 cm path length)

Sarstedt (Niirnberg, Germany)

Cuvette for electroporation

Eppendorf (Hamburg, Germany)

Microcuvette kit for the NanoStar, disposable

Wyatt Technologies (Santa Barbara, USA)

Reaction tubes (0.5 ml, 1 ml, and 2 ml)

Eppendorf (Hamburg, Germany)

PCR tubes

Sarstedt (Niirnberg, Germany)

Falcon tubes (15 ml, 50 ml)

Greiner (Kremsmiinster, Austria)

Syringes (5 ml, 10 ml, 20 ml)

Carl Roth (Karlsruhe, Germany)

Syringe filters (0.22 um and 0.45 um)

Carl Roth (Karlsruhe, Germany)

Filter paper (0.22 pm)

Merck Millipore (Burlington, USA)
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Consumable

Supplier

Blotting paper

Whatman plc (Maidstone, England)

pH indicator paper

Carl Roth (Karlsruhe, Germany)

SnakeSkin™ dialysis tubing (3.5kDa MWCO)

Thermo Fisher Scientific (Waltham, USA)

Prometheus standard capillaries

NanoTemper Technologies (Miinchen, Germany)

Flow cytometry tubes Sarstedt (Niirnberg, Germany)
Carbon-coated EM grids Plano (Wetzlar, Germany)
peqGreen DNA stain VWR (Darmstadt, Germany)

Draq5 fluorescent probe solution (5 mM)

Thermo Fisher Scientific (Waltham, USA)

DNA gel loading dye

New England Biolabs (Ipswich, USA)

BIAdesorb solutions

Cytiva (Marlborough, USA)

BIAnormalization solution (70%)

Cytiva (Marlborough, USA)

Series S sensor chip SA

Cytiva (Marlborough, USA)

Biotin-PEG (Mn = 2,300 Da)

Sigma-Aldrich (St Louis, USA)

3x-Flag peptide

Sigma-Aldrich (St Louis, USA)

cOmplete ULTRA, EDTA-free protease inhibitor

Roche (Basel, Switzerland)

7.3 Marker

Marker

Supplier

PageRuler plus prestained protein ladder

Thermo Fisher Scientific (Waltham, USA)

1 kbp DNA ladder

Carl Roth (Karlsruhe, Germany)

100 bp DNA ladder

Carl Roth (Karlsruhe, Germany)

Gel filtration standard

Bio-Rad (Munich, Germany)

7.4 Enzymes

Enzyme

Supplier

Q5 High Fidelity DNA Polymerase,
GC enhancer, Q5 polymerase buffer

New England Biolabs (Ipswich, USA)

Restriction endonucleases, CutSmart buffer

New England Biolabs (Ipswich, USA)

T4 DNA ligase, T4 ligase buffer

New England Biolabs (Ipswich, USA)

DNase I Applichem (Darmstadt, Germany)
TEV protease Institute of Structural Biology (Bonn, Germany)
Lysozyme Carl Roth (Karlsruhe, Germany)
7.5 Kits
Kit Supplier

ExtractMe DNA Clean-Up Kit

BIrt (Gdansk, Poland)

ExtractMe DNA Clean-Up & Gel-Out Kit

BIrt (Gdansk, Poland)

ExtractMe Plasmid Mini Kit

BIrt (Gdansk, Poland)

ExtractMe Pladmid Midi Kit

BIrt (Gdansk, Poland)

PureLink™ HiPure Plasmid Maxiprep Kit

Invitrogen (Waltham, USA)
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7.6 Crystallization screens

Crystallization screen

Supplier, Reference

Jena Bioscience (Jena, Germany), (Page et al.,

JCSG Plus 2003)

Morpheus Molecular Dimensions (Newmarket, England),
(Gorrec, 2009)

ProPlex Molecular Dimensions (Newmarket, England),
(Radaev et al., 2006)

PACT premier Molecular Dimensions (Newmarket, England),
(Newman et al., 2005)

LMB Molecular Dimensions (Newmarket, England),
(Gorrec, 2016)

The ligand friendly ?I/flogleeil;lir ;)Olirg;nswns (Newmarket, England),

MemGold Molecular Dimensions (Newmarket, England),

(Newstead et al., 2008)

Additives Screen

Hampton Research (Aliso Viejo, USA)

7.7 Buffer and solutions

Buffers for protein purification or analysis were prepared with ultrapure water, filtered

(0.22 um pore size), degassed under vacuum in an ultrasonic water bath, and stored at

4°C until use. Purification buffers are listed with the corresponding protocols in section

6.3.9. The buffers and solutions listed in the following table are intended for general use.

They have usually been prepared with ultrapure water and filtered only when necessary.

Buffer/Solution Ingredients
40 mM Tris pH 8.0, 20 mM acetic acid, | mM
TAE buffer EDTA
240 mM Tris pH 6.8, 8% SDS, 5% BME, 0.04%
4
SDS sample buffer (4x) bromophenol blue, 40% glycerol
Stacking gel buffer 0.5 M Tris pH 6.8, 10 mM SDS
Separation gel buffer 1.5 M Tris pH 8.8, 10 mM SDS

APS solution

10% APS in ddH20

SDS running buffer

25 mM Tris pH 8.3, 194 mM glycine, 0.1% (w/v)
SDS

Coomassie staining solution

40% (v/v) ethanol, 10% (v/v) acetic acid, 0.1%
(w/v) Coomassie brilliant blue R250

Coomassie destain solution

10% (v/v) ethanol, 5% (v/v) acetic accid

PMSF solution

100 mM PMSF in isopropanol

PBS

20 mM NaxHPOs, 4.6 mM NaH2POs, 150 mM
NaCl; pH 7.5
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7.8 Bacterial strains and cell lines

Strain or cell line

Supplier

Escherichia coli (E. coli) DH5a

Thermo Fisher Scientific (Waltham, USA)

E. coli NEBB10

New England Biolabs (Ipswich, USA)

E. coli BL21 (DE3)

Thermo Fisher Scientific (Waltham, USA)

E. coli DH10 MultiBac™™

Geneva Biotech (Pregny-Chambésy, Switzerland)

SfY insect cells (clonal isolate of Spodoptera
frugiperda Sf21 cells [IPLB-Sf21-AE])

Thermo Fisher Scientific (Waltham, USA)

Human embryonic kidney (HEK) 293T cells

ATCC (Manassas, USA)

HEK293TASC-BFP cells

Institute of Innate Immunity (Bonn, Germany)

FreeStyle™ HEK293-F cells

Thermo Fisher Scientific (Waltham, USA)

7.8.1 Bacterial growth media

Bacterial growth media were prepared in house, sterilized by autoclavation, and stored at

room temperature until use. Antibiotics were added after autoclavation and cooling.

Media

Ingredients

Lysogeny broth (LB) medium

10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl;
pH 7.0

LB Agar plates

20 g/L agar in LB medium

7.8.2 Cell culture media and transfection reagents

Media Supplier

Gibco™ DMEM Thermo Fisher Scientific (Waltham, USA)
FBS Sigma-Aldrich (St Louis, USA)

Gibco™ DPBS Thermo Fisher Scientific (Waltham, USA)
Gibco™ OptiMEM™ Thermo Fisher Scientific (Waltham, USA)

FreeStyle™ 293 Expression Medium

Thermo Fisher Scientific (Waltham, USA)

S£-900™ 111 SFM

Invitrogen (Waltham, USA)

Trypsin-EDTA

Thermo Fisher Scientific (Waltham, USA)

Cellfectin™ insect cell transfection reagent

Thermo Fisher Scientific (Waltham, USA)

TTM

Transl insect cell transfection reagent

Mirus Bio (Madison, USA)

Transporter™ 5 transfection reagent

Polysciences (Warrington, USA)

Lipofectamine 2000

Thermo Fisher Scientific (Waltham, USA)

7.9 Nucleic acids

7.9.1 Nucleotides

Nucleotide Supplier

AMP Jena Bioscience (Jena, Germany)

ADP Jena Bioscience (Jena, Germany) or Sigma-
Aldrich (St Louis, USA)

ATP Jena Bioscience (Jena, Germany) or Sigma-
Aldrich (St Louis, USA)
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Nucleotide Supplier
ATPyS Biolog Life Science Institute (Bremen, Germany)
dNTPs Roche (Mannheim, Germany)

All nucleotides were purchased in HPLC grade quality (purity > 95%).

7.9.2 Primers

Primers were purchased from Metabion International AG (Bonn, Germany) or provided

by external sequencing service providers. The purchased primers were dissolved in

ultrapure water, adjusted to a concentration of 10 uM, and stored at -20°C until use.

Table 7-1: Amplification primers for subcloning

Primer strand Restriction site  Sequence (5°—3°)

NLRP9 1+ forward Ncol ttcagggatccatggcagaatctttttttte

NLRP9 97- reverse EcoRI cggaattcctagtttagcttatttctcatctctte

NLRP9 991- reverse HindIII cgacaagctttcagaggagcacacccctg

NLRP12 Outl forward BamHI cgceggatccatgcetacgaaccgecaggeagggacggcectetgtecgect
- gtccacctacttggaagaactggaggcet

NLRP12 Out2  reverse - agtacatagctgcaaagaactcctggaaac

NLRP12 Out3  forward - atccacttgagtttccaggagttctttgca

NLRPI12 Out4 reverse - gtegcetetgagcetttgetttgaatccactg

NLRP12 Out5  forward - gatggacctgttgcagtggattcaaagcaa

NLRPI12 1+ forward BamHI cgcggatccatgetacgaaccgcaggeagggacgge

NLRP12 1061- reverse EcoRI cggaattcagcagccaatgtccaaataaggttttgtt

NLRPI12 3+ forward Ncol catgccatggtacgaaccgcaggeagg

NLRP12 98- reverse EcoRI cggaattcaggtatccctcaccaggtcctetet

NLRPI12 1+ forward Ascl ttggcgegecgatgetacgaaccgeaggeaggg

NLRPI12 101- reverse Notl ttttcettttgeggecgegetggecageaccaggtggggtateectcace

NLRP12 122+ forward Notl ;z(% gaaaaaagcggecgecagaaaagatccccaggaaacctacagg

NLRP12 122+  forward BamHI cgcggatccagaaaagatccccaggaaacctacagggac

NLRP12 122+  forward Ascl ttggecgegeecgagaaaagatccccaggaaacetac

NLRPI12 679- reverse Xhol ggatcgcetcgagttaccgegegeggtettcceegtecegegetgtaggt

NLRPI12 679-  reverse EcoRI ccggaattcttaccgegegeggtcettceeegtecgegetgtaggt

NLRPI12 679- reverse Notl aaggaaaaaagcggccgcttaccgegegeggtcttcceegtee

NLRP3 131+ forward BamHI atacgcggatccaagatgaagaaggactaccgcaagaagtac

NLRP3 694- reverse EcoRI ctacggaattcattcttcttcctcttecttgggeatgtt

Table 7-2: Primers for site-directed mutagenesis

Primer strand Mutation Sequence (5°—3°)

NLRP12 W45R  forward W45R gagaaggcaagatccceeggggaageatggagaag
NLRP12 K223A  forward K223A gataggcgcgtccatgetggcacacaaggtgatg
NLRP12 K223A reverse K223A atggacgcgcctatcectgecgegecttge

NLRP12 R253W forward R253W caactgctgggagatgaaccagagtgccacggaatg
NLRP12 R253W reverse R253W tcatctcccagcagttgatgtagaagagataatcaaatctgec
NLRP12 D294N  forward D294N catcatcaacggcttcgatgagctcaagccttctttc
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Primer strand Mutation Sequence (5°—3°)

NLRPI12 D294N  reverse D294N gaagccgttgatgatgaaaaggaggegcteggg
NLRP12 D297N  forward D297N cggcttcaatgagctcaagccttctttccacgatcctc
NLRP12 D297N  reverse D297N tgagctcattgaagcegtcgatgatgaaaaggaggcge
NLRP12 E298Q forward  E298Q cttcgatcagctcaagecttetttccacgatcctcagg
NLRP12 E298Q reverse E298Q gettgagetgatcgaagecgtcgatgatgaaaaggagg
NLRP12 R343T forward  R343T accacaacgcccacggctttggagaagctec

NLRP12 R343T reverse R343T gteggacgttgtggtoatgagcaaagatagetcag
NLRP12 H514E forward  HS14E cttcatcgagttgagtttccaggagttctttgcageta
NLRP12 H514E reverse H514E aaactcaactcgatgaagctgtagtacctctcacagttg
NLRP3 A227S forward  A227S gtggtgttccaggggtcggcagggattgggaaaacaate
NLRP3 A227S reverse A2278S gttttcccaatcectgecgaccectggaacaccacggtgtg
NLRP3 A227E forward  A227E gtggtattccagggggaggcagggattgggaaaacaate
NLRP3 A227E reverse A227E gttttcccaatcectgecteeccctggaacaccacggtgtg
NLRP3 A228Q forward  A228Q gtgttccagggggcgcaagggattgggaaaacaatectg
NLRP3 A228Q reverse A228Q gttttcccaatcecttgegeecccctggaacaccacggtg
NLRP3 R351T forward R351T ctgctcatcaccacgacacctgtggecctggagaaactg
NLRP3 R351T reverse R351T ctccagggccacaggtgtcgtggtgatgagcagagagge
NLRP3 [411A forward I411A cttcaccatgtgcttcgeceecectggtctgetggategte
NLRP3 [411A reverse I1411A ccagcagaccaggggggcgaageacatggtgaagaggac
NLRP3 [411F forward  I411F cttcaccatgtgcttcttcccectggtetgetggategtg
NLRP3 [411F reverse 1411F ccagcagaccagggggaagaageacatggtgaagaggac
NLRP3 F575A forward  F575A ggggtatttgattgctgttgtacgtttcctetttgge
NLRP3 F575A reverse F575A gaggaaacgtacaacagcaatcaaataccccettttcg
NLRP3 F575L forward  F575L ggggtatttoattttggttgtacgtttcetetttgge
NLRP3 F575L reverse F575L gaggaaacgtacaaccaaaatcaaataccccttttcg
NLRP3 R578A forward  RS578A gatttttgttgtagctttcetetttggectggtaaac
NLRP3 R578A reverse R578A caggccaaagaggaaagctacaacaaaaatcaaatacce
NLRP3 R578E forward  RS578E gttgtagagttcctctttggectggtaaaccaggag
NLRP3 R578E reverse R578E gaggaactctacaacaaaaatcaaataccccettttcg
NLRP3 Y632S forward  Y632S cagctggaattgttctcetgtttgtacgagatgcaggag
NLRP3 Y632S reverse Y6328 catctcgtacaaacaggagaacaattccagetggetggg
NLRP3 D662E forward D662E ctctccaccagaatggagceacatggtttcttecttttge
NLRP3 D662E reverse D662E ggaagaaaccatgtgctccattctggtggagagattgatc

Table 7-3: Primers used in Sanger sequencing

Primer strand Sequence (5°—3°)
NLRP9 1 forward ctttgagcaactgaagtttaac
NLRP9 2 forward ctgtgtatccaagagttttgtgc
NLRP9 3 forward cgaaaactcatatttacttctg
NLRP9 4 forward cagctttgcagcatcctcactg

NLRP12 Out2  reverse agtacatagctgcaaagaactcctggaaac

NLRPI12 Out3 forward atccacttgagtttccaggagttctttgca

NLRPI2 Out4  reverse gtecgcetetgagetttgetttgaatccactg

NLRP12 Out5  forward gatggacctgttgcagtggattcaaagcaa

NLRP3 1 forward ctcatcaaggagcaccggagccage
NLRP3 2 forward ttcaggagaacgaggtcctcttcac
NLRP3 3 forward gcaaatcaggctggagetgctgaaatg
NLRP3 4 forward tgttgtgcaatctgaagaagetetg
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Primer strand Sequence (5°—3°)
MBPfw forward atgccgaacatcccgeagatgtec
pEGFP_C2-RP  reverse tttaaagcaagtaaaacctc
pGEXS-FP forward aacgtattgaagctatcce
pEGFP-RP reverse aacagctcctcgececttg
pEGFP_N reverse ccgtccagcetcgaccag
pQE-FP forward cggataacaatttcacacag
T7 forward taatacgactcactataggg
pIRES-RP reverse tatagacaaacgcacaccg
CMV-for forward cgcaaatgggcggtaggegtg
IRES-R-359 reverse accccaacagctggecctcg
IRES-for forward taggcgtgtacggtggg

7.9.3 Vectors
Table 7-4: DNA template vectors

Number Name Reference
Kind gift from Rainer Stahl (Institute
1 pRP-CMV-NLRP9-IRES-ATG-mCitrine-HA of Innate Immunity, University

Clinics Bonn, Germany)

Kind gift from Rainer Stahl (Institute
2 pRP-CMV-NLRP12-IRES-ATG-mCitrine-HA of Innate Immunity, University

Clinics Bonn, Germany)

Geyer lab; protein-coding sequence
of human NLRP3 is codon-optimized
for expression in Spodoptera
frugiperda

3 pACEBACI-MBP-tev-NLRP3

All DNA template vectors contain an Amp® resistance gene for positive selection during

plasmid DNA amplification in bacteria.

Table 7-5: Destination vectors

Number Name Resistance Reference

1 pACEBacl-MBP-tev Gent? Geyer lab, modified from pACEBac1

2 pACEBacl-mMBP Gent? Geyer lab, modified from pACEBac1

3 pGex4T1-GST-tev Amp® GE Healthcare (Freiburg, Germany)
Kind gift from Rainer Stahl (Institute

4 pR 5’LTR-mCitrine Amp® of Innate Immunity, University
Clinics Bonn, Germany)

5 IFM5-55-pIRESpuro3-N-Avi-tag ~ Amp® gzjtfrlftggzl) [FM Therapentics

7.10 Columns and affinity resins

Table 7-6: Columns and resins used for affinity chromatography

Column Supplier
MBPTrap HP GE Healthcare Europe (Freiburg, Germany)
GSTrap FF GE Healthcare Europe (Freiburg, Germany)
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Resin

Supplier

Amylose resin

New England Biolabs (Ipswich, USA)

Anti-Flag M2 affinity gel

Sigma-Aldrich (St Louis, USA)

Ni-NTA agarose

Qiagen, Hilden, Germany

Table 7-7: Gel filtration and reversed phase columns

Column

Supplier

HiLoad 16/600 Superdex 75 PG

GE Healthcare Europe (Freiburg, Germany)

Superdex 75 Increase 10/300 GL

GE Healthcare Europe (Freiburg, Germany)

Superdex 75 Increase 3.2/300

GE Healthcare Europe (Freiburg, Germany)

HiLoad 16/600 Superdex 200 PG

GE Healthcare Europe (Freiburg, Germany)

Superdex 200 Increase 10/300 GL

GE Healthcare Europe (Freiburg, Germany)

Superdex 200 Increase 3.2/300

GE Healthcare Europe (Freiburg, Germany)

Superose 6 PG XK 16/70

GE Healthcare Europe (Freiburg, Germany)

Superose 6 Increase 10/300 GL

GE Healthcare Europe (Freiburg, Germany)

Superose 6 Increase 3.2/300

GE Healthcare Europe (Freiburg, Germany)

Chromolith Performance RP-18e 100-4.6

Merck Millipore (Burlington, USA)

7.11 Devices

Device Name/Type Manufacturer

Scale PCB-6000-1 Kern & Sohn (Balingen-
Frommern, Germany)

Scale PCB-2500-2 Kern & Sohn (Barlingen-
Frommern, Germany)

Scale Secura 324-1S Sartorius (Gottingen, Germany)

Thermomixer Thermomixer comfort Eppendorf (Hambure,
Germany)

Electroporator Eporator Eppendorf (Hamburg,
Germany)

Water bath ED-5 Julabo (Seelbach, Germany)

Water bath WNB22 Memmert (Schwabach,
Germany)

Ultrasonic bath Sonorex Digitec Bandelin (Berlin, Germany)

Ultrasonic homogenizer Sonopuls HD3100 Bandelin (Berlin, Germany)

pH meter Lab855 SI Analytics (Mainz, Germany)

Stirrer Magnetic stirrer VWR (Darmstadt, Germany)

. Heidolph Instruments
t MR3002

Stirrer 300 (Schwabach, Germany)

Vacuum pump VNC2/PC600 Lan NT Vacuubrand (Wertheim,
Germany)

Circle shaker

Vortex Genie 2

Scientific Industries (Bohemia,
USA)

Pipettes Research Plus Eppendorf (Hambure,
Germany)

Pipette helper accu-jet Brand (Wertheim, Germany)

Gel casting and PAGE system Mini-Protean Tetra Cell Bio-Rad (Hercules, USA)

Power supply PowerPac Basic and HC Bio-Rad (Hercules, USA)

Microwave HMT75M451 Bosch (Gerlingen, Germany)
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Device

Name/Type

Manufacturer

Ultrapure water system

Micropure UV/UF

Thermo Fisher Scientific
(Waltham, USA)

Dry Bath

Accublock digital dry bath

Labnet International (Edison,
USA)

Circle shaker KS 260 basic IKA (Staufen, Germany)
Benchtop transilluminator Visi-White Analytik Jena (Jena, Germany)
Benchtop UV transilluminator 2UV UVP (Upland, USA)
Imaging system ChemiDoc XRS+ Bio-Rad (Hercules, USA)
Water bath VWB6 VWR (Darmstadt, Germany)
DNA electrophoresis chambers ~ Sub-Cell GT Bio-Rad (Hercules, USA)
Thermo Fisher Scientific
Spectrophotometer NanoDrop 2000c (Waltham, USA)
PCR Thermocycler Mastercycler nexus SX1, X2 Eppendorf (Hamburg,
Germany)
UV-VIS photometer Biophotometer D30 Eppendorf (Hamburg,
Germany)
Bi ientific (Hessisch
Mini centrifuge Sprout Plus iozym Scientific (Hessisc

Oldendorf, Germany)

. 5427R, 5804R, 5810, 5425, Eppendorf (Hamburg,
t

Centrifuge 5424R Germany)

Centrifuge Megastar 1.6R VWR (Darmstadt, Germany)

Centrifuge ﬁ;/ (;1 nti Jxn-26, Optima XPN- Beckman Coulter (Brea, USA)

LA 8.1 A 25.

Rotor :Tfi 8.1000, JA 25.50, SW 60 Beckman Coulter (Brea, USA)

-80°C freezer VIP Eco Panasonic (Kadoma, Japan)

Dewar 26B KGW-Isotherm (Karlsruhe,
Germany)

Refrigerator, Freezer different Liebherr (Bulle, Switzerland)

FPLC systems

Akta Start, Prime Plus, Pure,
Micro

GE Healthcare (Freiburg,
Germany)

HPLC systems

Bioinert 1260 Infinity, 1260
Infinity 11

Agilent Technologies (Santa
Clara, USA)

Roller mixer

RS-TR 05

Phoenix Instrument (Garbsen,
Germany)

Cooling cabinet

Unichromat 1500

Uniequip (Planegg, Germany)

Thermostat cabinet TC 445 S Lovibond (Dortmund,
Germany)
Autoclave VX150 Systec (Linden, Germany)
Drying cabinet Kelvitron t Heraeus (Hanau, Germany)
Laboratory dishwasher GGO5 PG 8583 CD Miele (Giitersloh, Germany)
Ice machine CoolNat Ziegra (Isernhagen, Germany)
Becton Dickinson (Franklin
Flow cytometer LSRFortessa I1 Lakes, USA)
Art Robins Instruments
Pipetti t tal hon LCP
ipetting robo Crystal Gryphon LC (Sunnyvale, USA)
L . SPT labtech (Melbourn
Pipett t M t tal ’
ipetting robo osquito Crysta England)
E f(H
Pipetting robot EPMotion 5073 ppendorf (Hambure,
Germany)
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Device Name/Type Manufacturer

Protein crystallization imager RI-1000 Formulatrix (Bedford, USA)
Cryo-loops none MiTiGen (Ithaca, USA)
Microscope SMZ18 Nikon (Minato, Japan)
Microscope Axio Vert.Al, Axiocam208 ZEISS (Jena, Germany)
Microscope CKX53 Olympus (Shinjuku, Japan)

Epifluorescence microscope

Observer.Z1, 20x objective,
Axiocam 506 mono

ZEISS (Jena, Germany)

Electron microscope

JEM-2200FS

Jeol (Akishima, Japan)

CMOS camera

TemCam-F416

TVIPS (Gauting, Germany)

Cell counting chamber

Neubauer chamber

Paul Marienfeld (Lauda-
Konigshofen, Germany)

Automatic cell counter

EVE

NanoEntek (Seoul, South
Korea)

Class II biological safety
cabinet

MSC-Advantage 1.8

Thermo Fisher Scientific
(Waltham, USA)

Class II biological safety
cabinet

Scanlaf Mars

Labogene (Lillerad, Denmark)

CO: incubator

MCO-20AIC

Sanyo (Osaka, Japan)

Incubator

Mini incubator

Labnet (Edison, USA)

Incubation shaker

Minitron, Multitron, Multitron
Pro

Infors HT (Bottmingen,
Switzerland)

MALS detector

miniDawn 3141-MD3

Whyatt Technologies (Santa
Barbara, USA)

Woyatt Technologies (Santa

RI detector Optilab rEX 650 Barbara, USA)
i Wyatt Technologies (Sant
DLS instrument Dynapro NanoStar 672 Ba};zara’eg Sn:)ogles (Santa
nanoDSF instrument Prometheus NT.48 NarfoTemper Technologies
(Miinchen, Germany)
E Health Frei
SPR system Biacore 8K GE Healthcare (Freiburg,

Germany)

7.12 Software

Software Developer/Distributor

ApE 2.0 (Davis & Jorgensen, 2022)

Prism 7 GraphPad Software (San Diego, USA)
Affinity Designer 1.10.5 Serif (West Bridgford, England)
PyMOL 2.2.0 Schrédinger (New York City, USA)

Biacore Insight Evaluation 3.0.12.15655

Cytiva (Marlborough, USA)

ChemDraw 20.1

PerkinElmar (Waltham, USA)

LigPlot Plus 2.2.4 (Laskowski & Swindells, 2011)
Scaffold 5 Proteome Software (Portland, USA)
COOT 0.9.5 (Emsley & Cowtan, 2004)

PHENIX 1.19.2-4158

(Adams et al., 2002)

XDS package version January 31, 2020

(Kabsch, 1993)

OpenLab 2.2 and 3.4

Agilent Technologies (Santa Clara, USA)

Astra 8.0.0.19

Wyatt Technologies (Santa Barbara, USA)

DYNAMICS 7.8.2.18

Wyatt Technologies (Santa Barbara, USA)
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Software

Developer/Distributor

PR.ThermControl 2.1.5

NanoTemper Technologies (Miinchen, Germany)

NetBeans 8.2

Apache Software Foundation (Forest Hill, USA),
Oracle Corporation (Austin, USA)

XAMPP 7.2.4-0

Apache Friends (Volunteer team)

CLC Sequence Viewer 7

Qiagen (Hilden, Germany)

ImageLab 6.0.1

Bio-Rad (Hercules, USA)

OpenChrom 1.4.0

Lablicate (Hamburg, Germany)

ZEN 3.0

ZEISS (Jena, Germany)

CellProfiler 3.1.9

(McQuin et al., 2018)

Office for Mac 16.16.27

Microsoft (Redmond, USA)

EndNote 20.4

Clarivate Analytics (London, England)
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